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ABSTRACT

LY

‘Transitions within the ground configuration of.
the first three np" eleme;ts (Q, S and Se), Which are
. "forbidden" under eiectric dipole.séiect%Qn rules, have
been s£udied. A cqmprehensive strvey“df the theoretical
méthods,’base& on.atomic‘;tructurg calculations, for
determ%nihg the'éfnstéin A—coefficients of these "forbidden"
lines has also beén éarried out. 'ﬁsing a- technique based
on éimultaneoué absolﬁte'ihtensity aﬁd optical l&né—absorp—
tién measurements, experiments were éonaucted to detefmine->
‘the absolute A-values of these forbidden ‘transitions, grOdUCed
undér laboratory conditions-and'lying in,thg3waveléngtb.xange
2900-7800 R. Theoreticél considerations based on‘atomic.and
-molecular_spectroscopy hévebaféo béen used to pfovide mecha-
nisms f é.t e formation of these metaktable sfa;es and thus
bgaf'the ?;6¥Zidden"'lin§s. Appiicatiqns 6f tﬁe'results of
;hig work to cértain‘studies.in'aét;ophysiés,-upper atmd—

spheric and laser physics have algo beeh undertaken.
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CHAPTER I

\ \ _ ' INTRODUCTION

It is Known that the electrlc dipole osc1llator

2

is the 31mp1est model capablg of iadlatlng electromagnetlc
waves and that such radlaLﬁon is assoc1ated with tran81~
tions between statlonary atomlc states, whence the corre-

- sponding’ spectral lines are produced.: Transitions due to
electric dipole';aintion nust‘setisfy oertain selection->,
rules,\the most riéorous one being the "Laporte‘Rule -*the
parity+ sum of the two states between wh1ch a tran51tion
can occur must be odd". Tran51tions that would v101ate
‘any of the electrlc dlpple selection rules can neverthe--- \
less occur glvlng rise to the so- called "Forbldden Llnes" R
and they are usually due to electric quadrupole and/or

magnetic dlpole radlatlon. o o

(U

-

"' o Elements in the np* ground state co iguration,

1 e. with four equlvalent p eleqtrons and w1th principal

+The parity of a state is conventionally even or odd’
according as the, sum of the angular momenta L. of the
electrons denoted in the state configuration, Is .even
or odd respectively ‘

"
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quantum number n, have in the LS—couplingTL scheme, the

following spectroscopic terms:

IS ” 1DZ: 3POI 3P11 3p2

Since these terms belong to the same ground state COnfigf
uration, the parity sum of any two of them will therefore
be even, and any transitions among theée levels will
violate the strict electric dipole selection rule, thus
giving rise to forbidden lines.

Historically, at the beginning of the 1920's,

certain lines in nebular and auroral sources could not

be. 1dent1f1ed with any known emission or absorption llnes
S
produced at that time in the laboratory .They werq/as—'

sumed to have orlglnated from elements as yet undiscovered
on earﬁh or fro"some unknowp spectra of exlstlng elements.

Then in 1925 (Mc 25) the green auroral line (5577 A) and i
i
in 1930 (Pa 30) the red auroral 1ines \6300 A and- 6364 A)
-~ 7B >
of atomic oxygen were produced under laboratory conditions.

It was soon realised that the wave anber% for the lines in

‘the auréral and nebular ‘sources coincidad éxdct&:ewith the

¢ '

differences in energy between low-lying metastable. evels

_ *LS -coupling, also called Russell*$aunders coupling, is
valid wigen the€ interactions between the spin ‘and the arbit
angular momenta of different electrons are greater than the
.interaction between thé spin of each electron with its own
orbit, whereby the electrostatic (rather than the magnetic)

energy predomlnates. : ,



» r
and the ground state of the OI (Mc 28, Pa 30), 0II, OIII,
SII and NII (Bo 28) configuratioqs. A proposal (Mr 44)

to base the concept of "forbidden" lines on the smallness

t (< 10% sec™!)

of the corresponding transitionkprobability
was not accepted (Ru 44). Explanations based on second
order multipole radiation (magnetic d@pqie and electric
quadrupole) wefe then put fofward towa;;ount_for the
"forbidden" lines, and the corresponding. selection rules
have since been formulated aqg firmly established. bThesé
lines. were also termed Jmultipole lines" by Rubinowicz
(Ru 44) . | \

The interest in forbidden lines and'ﬁhe problems
associated with them‘are evidencedAby the extensive list

of careful investigatians that have been published onvthem:

For ex plé, > -

‘ (ZT The strongvand‘persistent presence.of thé green
and rgd'aﬁiorai lines of oxygen in the upper atmosphere,
have led to the following studies: (i),Atomic processes,

-such as the role played by the metastable energy levels

- .

+The:"’l‘rarisition Probability" or the Einstein A-coeffi-
cient of a line is the number of spontaneous downward
- transitions per second per atom between the two stationary -
. states which bound the ‘line. Hence, if N is ‘the popula-
tion density of the upper state of the transition and v

its frequency, then its intensity will be given by

I = NAhv. } o
. . AN /.



ot the exciting or buffer agents (deactivation), or that
played by thermai collisions (dissociative recombination)
and so on, in the exc1tatlon mechanism of the forbﬁdden |
llnes (Mc 25, Se 54, Wa 59, Da 67, Re 67, Gi 69, 2i'69,
Mc 70 and Wa 72). (ii) Atmospheric témperature measure-
ment through the thermal Doppler broadening of the lines.
The‘forbidden lines are used advantageously here because
first, they are among the most ‘prominent in the most
easily accessible wavelength region; secondly, the ex-
cited, metastable states of atomic oxygen have lifetimes
which are ;ong'enough to ensure that thermal equilibrum
with the atmosphete is restored if it is disturoed by the
excitation process; and thirdly, the self-absorption of -
these lines is negligible (On 71, Hi 66,'Mi.61, Tu dZ).
(iii) Altitude and latitude variations of}aurorae with
respect to the 1nten31ty ratios of forbldden llnes. Re~
liable rocket data ?gr altltude vs. the OI 5577 A/6300 A
intensity rat1$ were ob‘tained by Murcray (Mc 69) and\for
latitude vs, OI 6300 i/N 4278 Aklnten51ty by Eather (Ea 69).
(2)’ In the determlnatlon of ‘element abundances, such
as those of sulphur \and oxygen, in the solar photosphere,
. the relevant data o' thelr forbldden lines could be employed
In fact, it was found by Miiller (Mu 68) and Malia (Ma 68) i'
that there are a number of advantages ln u51ng forbidden |

lines rather than the hlgh—excitatlon permitted lines. The

R

. |
s
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former, being within the groun? configuration with small
excitation potential (< 5.0 eV) at the lower level, Wjould
not be sensitive to the model aﬁmospheres, and their
equivalent widthsgr are independent of turbulence and
damping constants, ' he weak permitted l;nes, on the other
hand, are féund at a depth in the sol;r disk where the
températﬁre is not well known, and are.;;ry sensitive'to

. the actual temperature adOptéd, wﬁile the equivalent widths
of strong pgrmitted lines are affected by turbulence‘andl
dgmping. Actually, when the results for the oxygen abunf
dahCe from'ﬁhe same source qf data were compared by Miiller
(MU 68) using fourfbasic'sg}ar model atmospheres, (i) Mutsh-
lecner (Mu 64), (ii) Utrecht (Ut 64), (iii) Heinztze (He 65)
and (iv) Holweger (Ho 67) “which,differ in temperatﬁre‘and
turbulence distribution,'it_Was’found}thét there is less of
a discrepangy in the oxygen abundance in using forbidden
lines (15%.between the two extrémé’modeiS):thanhfrom using

the permitted lines (35%).

fThe equivalent width, W _, of an absorption line is defined
-as the width of a'pe:fecgly black rectangular line that .
could remove exactly the same amount of eneyggdy -from its
coptinuum spectrum. It is obtained by divid\ng the total.
enerqgy absorbed in this'line by the energy per unit frequen-
cy emitted by the light source in the continuum spectrum at
the frequency'voz- ' . S o LT



- The. element abundance 1n the solar and other
stellar atmospheres is derived from 1ts'"curve of growth"'— .
the relationship between the equlvalent w1dth u and the ‘
product of the abundance N and the 986111ator strength or
f-valus (and the damping constant F,if the line is strong)
The f-value of a line is directly related to its transi-
tion probabllity A>\$o that an accurate knowledge of the .
A- coeff1c1ent, together with a.cholce:of forbidden lines

which give the adventages discussed above, would be appro-

priate for use in the determination of element abundanCes.'

=

. So far, only theoretical A—values of forbidden lines have

been used for this purpose - Sw1ngs et al. (sw 69){Jfor

_the solar abundance of sulphur and'Mﬁller (MU 68)' and

Malia (Ma 68) , for that of oxygen could be singled out
‘jﬁw Al

among many others. B : e
(3) The eXCltatlon of metastable le@gis in np* ele—'

ments was- 1nvest1gated by Bokhan (Bo 69) from the point of

‘ v1ew of obtainlng new efficient materials for gas lasers.

\')

Such elements possess very favourably situated energy
levels for "population inversion"* (Be 65) The three

near—degenerate levels of the ground state P can lead to ”

frapid relaxation through cbllisions ‘while the absence .of

R .
,(

+"Population Inversion" between two energy levels means

- that the upper level is more :densely popuhated than the |

lower.one and is one/ of the basic characteristics of a
1aser transition. | B



. 8 §
a dipole transition between the P and the D and s states,

together with the relatively large energy difference of
S-P and D-P transitions, leads to a lbng llfetlme for\the
'S and D levels Furthermore the exc1tat10n of transitions
_that are active in‘dipole radiation‘requires an energv
. which c0nslderably exceeds that of the S and D states, so
that the latter may be enhanced to a fairly high atomlc
.

den31ty as compared to that of the P state. However, ob-
talnlng inversion between metastable states does not
'xguarantee the p0351blllty of obtalnlng a practlcal laser
because of the low transxtlon probablllty between them and
of other factors such as those represented by equatlons (4)
and (5) in Gould's _paper (Go 65) f"-, L ‘”‘~-“;.

Selenlum and tellurium were consrdered among the‘
np* elements for laser productlon rather than oxygen .and

L)

sulphur because to: obtaln a sufficrent vapour pressure for
the latter, a temperature would be required at which the
‘Bobtzmann populatlon of the P levels is. very substqptlar
"“More Spec1f1cally,_the selenlum forbidden line at 4887 n, ;
1 whlch 1s the transitlon between the metastable levels Sq.;‘
and ’p;, was used by Bokhan (Bo. 69) throughout his inves- |

tlgations.-

. Transitio probabilltzes of forbldden lines have -

been.theoretxcallylcalculated by several methods, all baaed[

"on the atomlc structure of the element involved 'Until_'

]




\
recently there has not been an abeolutely correct deter—
minatlon ofwthe A-values, the main problems 1nvolved belng
associated with the relevant and correct 1nteract10n among
the term configurations that_are'all essential in obtain-
ing the correct choice of the wave functions used. in the
transition probability calculations. These prthems be- |
come more:compllcqted for heavier elements. Previous work
on the‘subject are'numerous;htwo’excellent reviews are
those_of»Gerstengx(Gg 51) and Sinano§lu (si 71). |
Techniques for the ekperimental measurement‘of
tran91tlon probabllltles of allowed llnes, such as those
usxng stablllsed arc and shock tube sources, were ! found to )
be qulte compllcated and 1abor10us (Wi 61) As for the
forbldden lmnes further: compllcatlons, ‘such as productlon
_of a steady and measurable source of the normally faint
lines, are 1nvolved Until recently the only determina-”‘
tion of the absolute transition probabillty of a forbldden L
dhllne was the work carrled out by McConkey and Kernahan‘
(Mc 69) However the1r results,_obtalned on thefauroral,'
' green llne, had an. uncertalnty of up to a; factor o 2,;C-‘.;
. In the present work the same technique was employeI but

, 1mprovements in the 1nstrumentat10n (mainly the availada'

u,blllty of more precise and modern equipment) and the use '
‘tof recent theoretlcally calculated f-values have resulted
in much more rellable Gatat-“, E SR -""‘_d A ;lfuff' /"”
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Basically, this techntque involves simusgzneous
meaéurement of the forbidden line's absblute intens&{i“/

and the populatlon density of its ugper energy leyel.

L)

The forbidden lines are produced in a dlscharg\ tube . con\\;

taining the element under 1nvestlgat10n in a gaseous form
and_a "buffer" gas, all under some optlmum condltlons,

and the absolute 1nten51ty is measured photoelectrlcally

by comparlson,with a'standard lamp. ‘The populatlon,meas—,'

urement is carried out by a line - absorption me thod

applied'to thehvacuum;ultraviolet line that is feeding

‘the upper level of the forbidden line' Full experimental

"détalls and the advantages and disadVantages of the tech-

nlque are dlscussed later.
. ‘ v
Transitlon“ﬁrobabilities,can be considered as
the basic atomic parameter of the forbidden. lines and

their measurements justified solely on that basis. As

‘mentioned previously; in addition to their application‘in

,]calculatlng the element ‘abuhdance of the photosphere ‘they.

are also usod in the determlnatlon of the deactivation'

rates of the metastables in the upper atmosphere. Thev~ ‘

-experlmental technlque used also enables measurements to

“é

r‘_be made on ‘the atomlc stat?-populataon of the, metastahles

. which, . in turn, would allow studies of poslible population

1nversxons that can lead to laser product;on;(Bo 69)

M

'?4However the maln appllcation of the experimental A—values

L :
PN



is to serve as a check on theoretical p‘edictions based on
atomic structurg calculation, (Ke 75a,b & ¢).

\ The above-mentioned reasons, then, provide the

sfimﬁlus for the présent-WOik; Elements with an np'.ground
s£ate'co;%iguration, i;e,~§xygen5(n =2), SuI;hur (n = 3)
and selenium (n ='§), havé"begh t%3§en because of the ielaé.:‘
t;ve(easé by which thése fgrbidaén linestcan;be obia 'gd:
Moreover the varlogé typﬁé of processes in nature,’for';f
whlch studies related to astrophy31cs, uPper atmospheric

and'atomlc—molecularAphy81cs-are,important,.lnvolve np}

elements.
) ¥
» T ‘ 1Y .
] ‘ e
. . . ' ' ' . ) . )
. . g : . ":v ’ a :
: . . » » xv
' . Sy : e '
N A | L
, { ) j ; 1 .
/ .. ” C
. ./‘ .
' Coey N
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CHAPTER II 4
THEORETICAL CONSIDERATIONS
. . : (o .

e

As forbldden lines, arlsinq\from electrlc qua—
y 4

drupole and/or magnetlc dlpole radlatlon and allpwed lines,

/

arlslng.from electrlc,dlpole radlatIOn, are studied in this

A4

work, a concise descrlptlon of the fundamental nature that

'characterlzes these dlfferent types of radlatlon is flrsﬂ
given here |

o

2. l Electrlc Drpole (ED), Electric Quadrggple (EQ) and -

8,

Magnetlc Dlpole (MD) Radlatlon

LY

The “electric dipole" and the Welectric quadrn-‘
~pole" are basically eystems of charges (1q),'separated by .

distances (l ) ‘of atomlc dlmensions and arranged with a’

resultant zero total charge (Pigs. 2-1 and Eﬁz). ‘Actually, .
(o]

a "dipole" is produced by dlsplacing a "mon
charqej“through a. small distance Ly and replacxng the

'orlginal monopble\by .another of the same magnlﬁyaﬁ hut of
v.oppos1te polarxty leewlse, a quadrupole isddroduced

-‘by'éflplaclng a dlpole by a small distance Lz anqlthéﬁ,}

i,‘

-replacing the orlglnal dlpcle by one of equal magnituﬂe butkzl

of opp051te sign. Eor the linear, quadrupole jzz|-|z,4 lz[

-This "mU1t1P°le” concept can be continued indefinitely.; e

RN

1

1e" (a p01nt g

L.
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The electric dipole has a moment given by
p = gl
or generally, : .
5 = fp;,drr
where p is a eharge distribution in a voiume dt.
| The electric quadrupole.has a zeto dipole moment

(Zqz = 0) but its guadrupole moment ‘is, in terms of

magnitude, . o ,
P,, = Igz® =-2q2%
. S ? | . ‘ :
or‘general}y, ‘ o l ' -
_ | | o, ' r .
Y e fertae o

for auéherge distribution.p in e'volume dr.

) fhe magnetlc dipole" is formed by a c1rcu1ar
loop of. aﬁ area s of atomlc d1mensxon, carrylng an alter-
natlng current I (see Flg. 2=~ 3) | | - |
! | The magnet;c dlpqle hes}a_moment m given by

- m= 18
and}geﬁerally, o
=1/2¢F x 1 af
/2% x 3 ar

1 .

14

: A » v DR s
for'a.current distributl0n1J 1n a volume-dt.

When the'dlpole or quadrupole moment for a charge ,;”

or current dlstrlbutlon is a 51nus01da1 functlon of’t;me,
. - . \'_ 5 .’

. . . - .



| electromagnetic waves are radiated into space. Thus ED
o o
radiation is produced when the electric dipole moment is

given by _
: N

P = pe

iwt

where P, is the amplitude of the bscillation, w the angular
frequency and t the time. '

‘ : ’ 2
.Similarly, for EQ radiation, the quadrupole moment, fS‘

given by
Paz " Pz & - 7.
° /.
and, for MD radiation, the magnetic dipole moment by
m=m e“”t
v O :

To calculate thelﬁower W emrrﬁed eech of ED,
EQ-or MD radiatiap at a certain point;P(r<6 ¢), the Poynting'
vector § must fi:S% be determlned, srnce W is obtained by
-integrating 5 over the surface of a sphere of radius r,

 The Poyntlng vector is given by

I§'= 1/2 Re(E x
B where E is the electrlc field vector and ﬁ the magneric'
- _freld vector. Also, the H vector is related to ‘the electro-
etrc v ctor potentlal A by - (\__‘_‘ .
. . L H= e 3y !
- - ,_uo(V ’,‘K.),_ I

po o

where u  is the permeabilityof the medium. -And, the £ vector
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" is related to A.and to the electromagnetic scalar poten+«

tial V by
_ 1, %A
- BE=- Q) - ¥

The values of v, X H, E 5 and W at the point
" P(r,6,¢) can be derived in turn for ED EQ or MD radia-
| " tion (Co 62). Using the.assumption r >>\>>%, the results
for the B, E and'g vectors are as given in Table'IIeliand
illustrated (not to scale) in Figs. 2-1, 2-2 and 2-3.°

| 'Aslshown in Table II-1, for all three cases, -
the Poyntingjvéctor decreases with 1/r?, a condition
necessary for conservation of energyf There‘are two dif-
-ferences‘between the dipole ahd the quadrupole radiation“
for the former, the field decreases with the square of the
wavelength (e 1/A ) whereas for the latter it decreases
with the cube ef the wavelength (= 1/2%); theldipole fiel&l
is 2ero‘along the polarx, axis (&.sin ej, whereas;the Quaé
drupole field is zero both at the poles and at the eqhatorf
(x sin 6 cos 9). . R T o

- .
i

. \“
2.2 Identification of Multigole Transrtionsv _

In theory, a spectral line can be identified with
the type of radiation producing it (ED EQ and/or MD) by |
observrng the. Zeeman effect on it in a transverse magpetic

field. This is p0381b1e due to the fact that the Zeeﬁan .v”/f'
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in a transverse. f131d)a5being due to an admxxture pf EQ and

17
’ . \:

patterns aré chéracteristically différent for eachwfupe
of radiation. Table II-2 shows the various Zeeman
patterns exhibited by the multipoleﬂ;rausitions.} Here,
Am denotes the change in the magnétic qu§ntum number, a
the angle between the direction of observation and:the
magnetic field, =« and g the plane of polarisatiom@par-
allel or perpend;Fular to the ;agnetic field respectlvely,

and R.C. and L.C. right circular and left c1rcu1ar polar-
X _

L%

‘ization respectively. ‘ . . )

The longituainal“(c = 0) effect is thé§pame for
allltypcsvof radiaéicn whereas‘the transverSe'(q«= n/2)
effect is different for ‘each of them.»';t is therefore'pos-
sible‘to~distihgui§h‘among'the'different types of‘radiut;on
by obsefvations of the'w and ¢ cohponents in u‘ﬁransverse

¢

magnetic field. Such a method was used by Fredricks and

&

Campbell (Fr 30)on the green auroral line of oxygen, when

they established for ‘the' first time an experimental veri-

fication of the occurrence of- electric quadrupole radia*

' tion. Slmllarly, Nlewodnlczqgfki (NiL 34)established the |

exlstence of magnetic dlpole radiation through his investi- .

‘gation on the forbldden lino of PbI 4618 A Also, Jnnkina

and Mrozowski (Je 41)1dengified the line in PbI‘at-7330 A

(whlch produces six/n— componentdlaﬂg.seven o- componenta

14
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. !/
e .
Mo - 2 | 1 o | -1 |-2
Electric Dipole | q , 0 m o
Magnetic Dipole " . - g T
_— ‘
Electric Quadrupole :3 o m m o
Electric Dipole ‘ | e {wc |re .|
Magnetic Dipole *© ° I | RC | LC RC
N - |
. , o | . )
Electric Qdadrupole RC LC RC

—

\

Table II~2. Zeeman patterns-fromiED, MD and EQ,tranéitions
' in a longitydinal (a = 0) and a transverse

(o = n/2)'magpetic field.



19
b
"~ MD radiation. Their investigation on the intensities of
the individual.Zeeman compenents of that line also con-
firmed an “1nterference effect" between those two types
of radiation - the intensities of the 1nd1v1dual Zeeman
~ components are not found by simply summing the intensities
for independent EQ and MD radiation, but‘must.include-a‘
term depeudeut‘on the fact that both modes of tadiation
are pdssible (Ge 41, Sh 41). In contrast, the intensity
of a line as a Whole, which if it is isotropic and
'unpolarieed in natural excitation; is the sum df the in-
ten31ties of the -quadrupole and magnetic dipole radiatlon_f
separately computed, so that the EQ transltion pxobability.:'
and the MD transition probability are to be,di:ectly added |
" to obtain the total transitionuprobability (Sh 41). ‘It
éan be nbted~here-that-the”ted\aurbrai”lines of:gXYgen B
(01 6300 A and oI 6364 A) are both due to an admixture of -
EQ and MD radlation : S

.« "

2.3' Tran81tlon Probablllties for Stimulated Emission,_: .

,l}:‘:«"'

Absorgtion and SPQntaneous Emisaion

The 1nteract10n between a cla581cally chaxged

'oscilla or and a radlation field may be regarded aF a per?l'}”
‘~turbat10n hich can cause traneitiohs in the unpe;turbed J

system, witlh the result that at;ms may jump from‘gne sta—»f
ttlonary state to another, along thh the emissi#é ot ’

toa

¢
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)

_ absofption of light quanta. Such "stimulated"vor "induced

"emission" and "absorption" effects take'plece according

to the phase relation betweenithe field.and the oscillator.
However, a cléssical‘oscilletor can aléo emit fadiation
"spontaneouslyﬁ,'whether-or not an externalur;diation.field~
iS‘interacting Thefprobability~per unit time of any‘of
these three types olf transitioas between two stationary
states is known as the "Einstein Probability Coefficient" |
or "Transition Probability" The relationships among . the~
three ‘types of transition probability can be derived from .

statistigal. considerations and !rom the . principle of ,

.detailed balancing (Ei 17). They are'

;,1-'-(2)%

| Brviy.
A, = = }By g

"x‘j-( o
Wheie A.J‘ls the spontaneous emission, ij the induced or -

-

-vstlmulated emission and Bji the absorption transieion prob—

abillty between the upper level i and the lower level j;
the g s are the statistical weighta, h'is Planck's conltant,

c the veloc1ty of lfbht and v the frequency of the inotxopic

‘and unpolarized light emitted in the«transitions.x Thul if
one of the coeffic1ents is known, the others may ba found

: }by substituting 1n equation dz 1"'&} .»"_3["_~;_;g,;(<§”a' L



7K/3 - ‘}1.

-
K

| It can also be shown that in the spectral region
where'hv/kT >>1, for a system'kith T-es its eb901Ute tem-
perature and k as -Boltzmann' s constant the stlmulated
emission or absorption ;s,negligible compax to the
spontaheous emission'- cohsider visible radiation at
5000 ‘A and at temperature of 500°K., Then for h = 6. 62 x

cgs units, we will

10~*7 erg ‘sec and k = 1.38 x 107§
obtain,-hv/kT =50, i e; >> i.' Ondl.

+

$uch congitlons
‘ Planck's law (al 53) is reduced to 'L\ |
- 4 2hv? o~hv/kT
e (B)s
' et : . R
_ and the number of stimulated emissions per cm ‘per sec _
w1ll be, fbr a blackbody, ' "_;’{" :lf’ .-‘. -
B;. I

] 2hv -hv/km'i
().~

- ’?1:3 "_’-”-h-"m‘.‘ﬁ‘ Mgl

"
A !

since HQ/kT >>' 1.
2 4 Der xatlon of Transition Pr"

.(a) For ED Radiation

'equations, whereby Planck's oriqinal qnantum fiff‘

be. fxtted 1nto a general theoretical framcwbrk
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the derivation can be achieved by treating the electro-
magnetlc field c1a531cally and the partlcles with which
the field 1nteracts by quantum mechani‘s Such a semi-e?
classical treétment can’ yield an approximately correct '
.value of the absorption or stimulated transition prob— - \
ability, and then bysubstitutinginto equation (2-1) one. -
can obtain‘a.value for the spontaneous,traneition prpb-l
bility. Lol
 Consider the motion of a charged ‘mass point in
.a general externai e.m. field and with an. internal poten-'
tial energy V. The'classicalﬂﬂamiltonian, expresaed-in}i
; terms of the canonical variables r, p and the electro-
_‘magnetlc potentials A is :;‘ L
S
. | _ : - - ,(272).#
> o ,

= %3 £ A.p f_ pi) * =

where e is the charge on the. particle and c ia the tpend
of 1ight the electric and. magnetic field strangthn are

qiven 1n terms of the potentials by
S ﬁe-,,.a‘P W ﬁ v x (z-a)

,Substitutinq for P with (1h/zg)v' a, rluulnud by_quan:unf

Ty
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T - v leh(K ) .+ 3R @.h
223: + ed + v] v : - (2-4)
me )

V is the- potentlal energy that binds the particle, (A, ¢)

represent an e. m. field that is weak enough so that those

terms can be regarded as a perturbatlon.f" ‘ e
The e.m. fleld is described by Maxwell s |

equations whlch in Gau531an units, are:
- . Coe .
%H - 4
¥ x §+—§-€-o _vxﬁ ,E.. Ay
VE=dmp ¥, ﬁ =0

Substztutlng equations (2 3) and (2-4) lnto the third of'

(2-5) B

_equatien (2-5), we obtain S .
vxv xf_.‘.._i. =0 .
: c23t2 o .

where

?xv xx m n -vzz{?] I—ﬂ e
. In a vacuum (= p = 0) the genbral ’°1uti¢n'°f HH*"° "ift"fifﬂ

- equations is,

V K =0 and ( - o

‘,Substztuting eQuations (2- 7) and (2-8) into ﬁQ“atian' o

.,(2-6). we obtain B ?:f .'{'”1t?£fﬁéﬁe~;ifnff',;§3ﬁffj“‘tf'
' : t:‘ e? 3t" = 1 ,ﬂgj -»:-

.-ﬂA typical plane wave solution of ‘qnation (2_9) *' fbﬁ*t

Athat represents a’ real pctential witb the 3‘;
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vector % and the polarization (complex) vector X which -
is perpendlcular to Z A

| RE,0) =% exp (k.2 - S S (2-10)
where the ﬁrequency of the wave u = kc. a
~ The vector potential from equation (2-10) is now used as a

small perturbatlon in’ equatlon (2 4) to calculate the

.-

pIObablllty of the tran51tzon that it has caused between |
the statlonary states The third term (V ¥) and the

fifth term (¢) on the R.H. S. of equation (2-4). ace.now

" zero and to the first order of perturbatzon/theory, the

i J

"~ term e232/2mc2 can be neglected and equation (2 4) ro-'ﬂﬁ

f written as
| ik FE" (H + H' )Y | T
“where‘ ,ft_g - -7:-V2 + V(r) H' aifdh(I V) ]; (2—11)
‘ Using H, as the unperturbed aamiltonian and n, nl the B
. perturbatlon that causeﬂ the txanpitions 1t dﬂn;thﬁu“be |

. : R . B .g.:b
BN i? Zma

where Wi, YJ are. the wavetunctiani ot thﬁ iﬂitiul

'f1na1 states and VA is the ”f[ff”T;
fl-tor along the polari:atioﬁ vnctor A

“In most cases of practical interelt, th‘ai
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length () of the radiation is many times greater than
the linear dimensions (r = a) of the wavefunctions that

“describe the motion of the particle, i.e. X > a, so

)
that T
V l N
( ) acos 6 << 1
Thus, whenever ¥; and WJ are latge én?ugh to Egve‘an
apprecxable contrlbutlon to the integral of (2-12),
£.T << 1 so that | | \
R R exp(xf ¥) = l
and equatlon (2 12) becomes
B, = |}v v, ar lz ' '(2'-13)'
4 Zum vt " 3 R

-Then, transform;ng the 1ntegra1 of equation (2~13) as a

‘ matrlx element of the moMentum and the poeitian of the

"partlcle (VA Aﬁ-pA "lm aru) and considening an iso-

| troplc radiatlon, the stimulated emisnion transition "3f‘

,tprobablllty becomaﬁ

e ER . o

- Py 3h’ le f'b? 3 vj d't [ (z 14) |

'vAnd the absorption tranaition probability 15 obtaincd by_;f,ﬂf*ft”

jsubstltutlnq in equation (241)ﬂ i. e._;"'

v .".




b 3 . ‘
.= 84Ty }ejwy 4 vydt | (2-15)
C Y 3ne?

The quantity ejw* r w dr 1s referred to as‘ the dlpole
moment , and tran51t10ns for whlch this matrlx element is’

non-zero are the‘"electrlc dlpole tran81t10ns .

o -

(b) For MD and EQ Radiation
-IL may happen that the dipole matriX‘element is %E‘

zero for partlcular states i and j, bit yet transitlons

‘Stlll occur between them( In that case, the replaCement

of exp(lz ) by 1 as an approximation in the integral of :

'(2 12) is not Justlfled  Expanding the exponential in a .

power_serles, we have :

exp(it.3) = 1'+'ii.§,+ l;(iz;;yé +o. (2- -16)
R T A

‘or in a series of spherlcal harmonlcs ‘ _
exp(lf £) = 3, (kr) + 313 (kr) P (cos e)
L. SJ (kr) P (cos 0) e -

,:wbere 8 is the angle between Z and r.\

Thus if the dipole matrxx element which is prcvided by
the fxrst term of the seriea expanaion vanishes, the
esecond term of the expansion may provide a tranaition
matrix. element that does no vanish This so—called

‘”forpidden" transition hgs thﬁx’fore a matrix clem.nt §i.fir”"EFT

‘which is, reduced by a factor of tht ordnr of kc, wherb
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r = a is of the linear.dimension of the particle wave-
function. The tran51t10n grobabdllty, Whlch is propor-
‘ tlonal to the square of 1ts matrlx element, 1s therefore
- reduced by a factor (ka)? with respect to dlpole or -

"allowed" transitions. Actually, for an atom of ‘radius

a=1 A and for a wavelength A = 5000 A) ‘we have.

L)

(kélz - (Zwa

X 10’
4 .
Thus the transxtion probablllty for second order radiation
is = 10- 6 tlmes less stroné than that of allowed radlation..
| , When the second order term 1n equation (2- 16) is
fully developed, it is found to conslst of two partsz
. f(i), the magnetlc dlpole\moment ﬁ and
(ii) the electrlc quadrupole moment ﬁ? o
(1) The-theory for magnetlc dipole radxatlon fleld is the

Lot electrlc dlpole and the MD transition

ST £rom state i t° state A 18 obtained by )
e ED moment fewf r w dT, in equation (2-15) j-f"

:;ment, }‘Wi M w dt, so that .
3 “"-';QFVL - - o,
C 4, 3. : ﬁf

; Amij = 64‘" V ] ;w{ ﬁ wj dT l2 5 .. (2_17)

re; ;re ED momeJt is classically defiyed as 3 - z Qr' ffda,‘
" the Mj ‘ L

NN

W z (i ¥ z§) \r JE (z-m
where L and § are the\resultant onbital and apin anqulax

\ .

Y
\



momenta measured in Bohr units, h/2w.
The square ofbthe matrix‘element in (2-17).is
[fw i“ " defined by Condon and Shortley (Co 35) in terms of the o
line strength Smij in such a way.thet tbe ;ntensity is
proportienal,to.the number of atoms in any one of the
lnltlal 1evels instead of the total number of atoms ln
the 1n1t1a1 level (as done traditionally for an ED line).
| Thus the streng%& '0f the MD line is - .
Smoy= | fupHygan |z (2-19)

‘with'the number of atoms N in any’one‘of the initial

»

levels i converted into (2J + l)N » where (ZJ + 1) is

‘ the statlstlcal welght of the 1n1t1al level, 80 that the

tran51tlon probabillty _
1
(23 + 1N

A‘x%a
{ . .
Then substitutinq"equation (2-19) into'(zélv), we obtain -

for the Magnetlc Dlpole Transxtion Probablllﬂx,

| - o, -y 1 Sp.. - (27200
R i 5 I 3hcs 2(3; oMy 0).

o
. _—'r

L3,

g

N
(ii) 51m11arly, the Electrlc Quadrgggle Transitxon Prob-

ilitx is obtained as

A 4;'7 ;L A, 8 ;fe‘":fef t{2?§1)fffﬂt*°"
EA;qij. vshca(231u+.1)5 y g o

where the strength of the EQ line,

= IHI 7 “‘j df l2




Here, V' is the EQ moment ﬁipressed as a symmetric tensor
or dyadic which, in terms of the position vectors ES of

the electrons,'is'given by

-»> + 1
= % - 2
R Ts
o (2-23)
where O F =i+ §5 o+ Rk
1 : . .

-

2.5 The Selection Rules

Selectlon Rules for ED, MD and EQ- types of
tran51tlons can be formulated by considering the non-
dlsappearance of the 1ntegrand in each of the equatlons
(2- 15), (2-20) and (2- 21) ThlS will theréfore depend onthe
parity sum of ‘all the functlons it contains, It 1s known -

" that an ordlnary functlon is evenvor odd accordlng to -
uﬁwhether it does or does not change sign, through reflec—
tion at the origin respectively; . for a guantum mechanlcal

wavefunctlon the parlty depends on the number of nodal

-~surfaces which go through the or1g1n of co~ord1nates, 1 e.

1t is even or odd if the sum of the z-values (22 ). for the-
‘electron conflguratlon is even or odd reSpectlvely For
instance, the wavefunctlons of the ground configuration

states among the np* elements (np» lso,; DQ,.'po ,,2)..t¢
- R Zaa B
. : . . ‘ « ,;'. : c ’ )
,allevon, SIS

(—he results of all the aboVe—mentioned conlidera~

tions are ‘as shOWn in Table II-3, Here L s J are thevtfffj°
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Table/II—3. Selection rules for atomic spectra,
Electric . '.Magnetic - Electric '
Dipole Dipole Quadrupole
(1) A3 =0, #1 AT =0, +1 | AT = 0, t1, %2
' 1 1
0 + 0 0 0 0 40, 545 0«1

(2) AM = 0, t1 AM = 0, *1 AM = 0, £1, t2

&

(3) ‘Parity change No barity change . No parity Change‘
, y .

A ’
.y
b A '
(4) - as =0 " " AS = 0 | AS-= 0
. » @

]
o

(5) AL =0, #l . AL AL'= 0, 1, 2

R SR T

(6) One ~ No R One or Ao
electron jump electron jump electron jump
AL'= 1 . M1=0  Al=o0, 2
4n =0 L
R

Yoo
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orbitel, spin and total angular momenta of the atomic
electrons ;espectively. M is the magnetic ouantum'number
and n the principal quantum number:

Not all the rules listed are strictly adhered
to. For instance, if the spin-orbit intefaction in the
atom»becomes aﬁpreciable, i.e. if the interactios‘between
the spin of eaoh electron with its own orbit is epprecia;
ble compared to the inteiactions-betweenfthevspinslend
orbits of the electrons, departsres from LSfcoupling will
occur and the wavefunctions'will be'modified - thef will

{ .
berome an admixture of the or1g1nal wavefunction and others-‘

b

ijSSOClated with different multipliCities and L-values but
w

1th ‘the same value of J (intercombination transitions)
L )

Howevef' for light elements, the interaction is slight and
the modified wavefunction for any term is not very differ-At
ent from the pure. Russel Saunders wavefunction for the same
- term. For the large spin-orbit interactions, 1 e. ]j-
coupling, L and S are novlonger-vgood quantum»pumbers and

| S oLt L
the selection rules ASy = 0, AL = 0 are meaningless.. <i;;27>.

2 6 Theoretical Calculations of thedhgggtaneqps Tranaition

Probabilities for : the “Forbidden Lines of 327 Elqn‘ntl

We have seen previously how the spontaneous tran~ o

‘sition pqﬂbabilities of forbidden lines can be derived by ‘@Qiﬁiif*

using the-smell electromagnetic potentialsxA‘anq ¢,es;s pc;ts§+l



32

‘bation to the Hamlltonlan The tesults as represented
by equatlons (2- 20) and (2-21) indicate that to compute
the A-coefficient accurately the wavefunctions of the

states involved must be as accurate asfpossib1e.
?asically, there have been two theeretical ’

approaches towards this,problem - in the fi:st one a7

"perturbation theory"'ie used and in thetseéond, a

"non-closed shell many—eledtron theory"vis applied.

(a) The "Perturbation Method"

- | In thie method, the unperturbed/ﬂamiltonian»is-
that of a pure LS- coupllng system. The interaetion
potentlal V, that binds the particles of the ‘atom (equa—'
tlon 2- 4) @nd that consxsts mainly of the electrostatic
energies due to the Coulomb ‘force between each electron
and its nucleus and'among themselves» is . cons;dered‘as
'part of the unperturbed Hamultonlan. The startlng wave—
.'function is thus made self—consistent w1th the. Coulomb )

fleld 1nteractlons,-L.e.,;-

Hy=E+ V
B (B - B4 & 7 Yy (2-248)

_where the first term in the parenthesis-
is 'the Coulomb attractive f0rcé between each

electron and its. nucleus, and the second

/ Lo - nucleus T,

\
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term is the Coulemb mutuel repulsive force among the
electrons. | | |
Howener, practically ell energy levels lie between LS-
and jj-coupling, although mostly very ciose'to LS-cou-
pling. The lnteractlons that cause the departure from -
LS- Coupllng are small and thelr net effect is here )
considered as the perturbatlon H'. Thus we ask the -
question: ﬁhat are-theirelevant.interactions that con~
tribute to this perturbaticn° 'The}accuraCQ of‘the.
transition probabllitles depends on. the correctness of
the answer to thls questlon. | vA ) | | |
The perturbatlons 1nv?}vec are usnaily_claqsiv';: .}
B fled into two ‘main categorles, namely, o | "?t J, |
(1) the coupling between the electron 8 spln
*and 1ts own orb1t (y) | | |
(2) the coupling between the electronc':epin-:i:';
spin and epin*other orbit (n). -‘wf_i.““ S
' Perturbatlons of the flrEt category alone have been ueed?;'
1n the computatlons by such provioua workers as Condon ‘
(Co 34), Pasternack (Pa 40) and Shortley et al (Sh 41)
Perturbatlons of the second category wete added to tho:et#“»f't
of the first category 1n the calculations by Araki (a: 48), ;]”:“
: Aller ‘et al. (al 49), Yamanouchi and Korie (Ya 52), ,_5ffff¥{tflgzi:”

4
,Czyzak and Krueger (Cz 63) and parstang (Ga 51 56. 60)

The A-coefflclents from the resulta obtatnod by

. .Garstang are more often used as a standard refezonce

LA . _ . B R A

$ . ‘ Y 1
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nowadays. A brief SQrvéy of the-theoretigal Calcula— |
"“tions undertaken in thiste;turb tion meﬁhod, Qith\é\
emphésis.on é%rsténg's analyéis, caﬁ.bé deqcribedva \
follows: | | 1 G

Consxder an element which has a np" ground
state conflguratlon. Suppose E( sy, E( D) and E(° P)‘
denote the energies of iﬁsf@npértprbed_’S,_’D'and é?'“
terms_respectivély uhdé; ppte LS-coupling. ‘The mafrix
eléments bf tﬁe,unpé;turbg¢ Hamiitbnian axe7theh S ;.-,v e

f‘ 150' 1p, Py  v?§i 3p,
N / . . S - — .
's, |E('S) .0 o 0 0
. ip, | o E('M) 0, 0 4 |
<nltgln> = B, |0 0 ECE) (0 0 | (2-24p)
o a0 E(‘P) 0.
w, | 0o 0o o o ECR|
' .f**- o , h T i‘“+4;
‘ : R - | .o ‘fﬂ:U”-'  ,
The electron s spln and- oWn-orbit intfraction is given'f’ﬁ

 where i = 422 is the Bohr ‘m ton ;yl
R k. Ivmc agna ’

<
]

l-l [z - U(r)] x-]:. is the Hartree c‘n“u. o
‘ oo ®

tial,

ur
B
5
o’

—
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Q-

=2
[viy
o
g.
.-
- EERI
? .

_ 5 '
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’fnp electron 1nter10r to a radius r, which 1s due to the Lt

screenlng of the spin-orbit 1nteract10ns hetween p~e1ec—

. .o ‘ : N
4 ' S
'

f £

trons and core-electrons,

BVR;p(r)_dr = radial{paft ofjtheewavefun¢£idn
of an np electron, normalised such that f Rz (r) dr»=.l

“The matrlx elements of H) in terms of Y can be deduced

from Condon and Shortley in- “The Theory of Atomic Spectra”

PP. 266-271 or from G. Arakl (ar 48) For the np ele-'

ments they are

A TN

0*'_§P?':”393?.3'
s [0 0 ey L0
b, 0. 0.4 'a5§ |
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1*‘For the spln-other orblt lnteraction

S ¢ sl r, .x (8 ; ls. i 5, " (2-28a)
=) hrJ[ _ 7 ] |

2b
where rz, ¥, ij are the distance vectors ‘of the electrons
from the nucleus and from each other, ﬁ = (hf2ni)V is the
'rmomentum operator and 8 in h/2ﬂ unlts,‘ls the electron
8pin whose components are proportional to Pauli matrices.

The matrlx elements of H' and H in terms of n can be-'

deduced from Gar,dang (Ga 51) or from Yamamouchi and

Horie (Ya 5’

o
° .
o

<m|H;,a}n> ‘= 'p

o (= ST =) o o
o "© ©
: o 3
(V)
=3 1
o © ©

at?~f¢_¥¢5_‘5_'cﬁ
1
.
=
o
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. . Ja o o
/ : : . 1l o 2 ’ :
\__—/ . where n = uz £ E_z_.a.r_z.R;p(rl?%p(rz) drl dr; (2"29)
' 1.
| 5 (F1 2T
with a = : _
Lo

The net perturbatlon H' in matrix form is then obtaiggd"‘
;by addlng up equatlons (2- 25b), (2- 27b) and (2- 28b¥

<mlH ]n? = <mlH |n> + <m‘Hza]n> + <m|H2b|n> .

1
o 'SO-

s, 0

; I\Dlzr,‘ "0
o= ey vy

N ‘ - P .. . . ' )

r]o0

N N

. p,O

Now, since the ’P states ‘are “neax-deqanerate“, the

Perturbation Theory treatment for the degonerate4case

. ',Should be’ applied here. Alao, it is knwn (sa.ssb)”-tnat i

“matrix elemanta of H' for the thx.cfdbi

\‘\\.
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H"(see“equation 2430)} The degeneracy ean»thus be

removed as follows: , .

The Hamlltonian H, obtained by adding up

equations (2 -24b) and (2-30) is
H = Ho + H'

= Hmn,'ln matrix form.~
Then if-w is the unperturbed wavefunction of the 13VEl n

Ho w = EY wn_‘ - o (2" 32) |

and the perturbed wavefunction w’nean be reprGSented

’,mathematically as a lxnear combination of 'n

5 R <2~33»
Substitution of equation (2 33) into the Schrodinger

. »[,' -

(H - E) V = 0

‘reduces to an inflnlte system o£ algebrnic eqnationﬁv _f;i;
o E(a “+E s ) an - o {, L (1»34)

(-3
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P

Jo
< -

-0 (235 .

and the solutlon (neglecting yn and n and rﬁtaining powarg o : /

l

bf'Y up to- the fourth) 1s S
| ”&
S o csm | (sp; | (sp,s !
R o , . Z(D?) ﬁ 4‘(01’)‘ 8(9?)
s T E'(Pg) = E(’p) B 2n -?;x‘.. |
T (8)

E( ’P) * j +Qn _’;:‘._

}E(’IP)"- - fy'l'sln '

__f where (sp) = E('s) - n(’m and um

-
L

II

= E C s ) "E(“’S)

tg
]

i

E, = E'( S.Pll_).

'.vu

E, = BCEy)

‘I'he next step taken by

doing, he claimed to ha._’v_,__
conf iguxation intetqcti o
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E('D) and E (?p) are then solved and the followmg semi-

empirical” values. are obta.med (Ga 51, 63):

AY

- oretzcal basis from equations (2 26) and (2-29)

_orblt coupling parmter n decreuu to , neqlig:lble
'qu'a.ntity for he&v r

T tions lll' '

S A\ ,
‘Tablle I1-4. Sem1-emp1r1ca1 Values of the Coupling '
- Parameters and the Ground State Energies Lo
. J.n cm” . . :
Z ? , . —
R v o |EUS) | ECD) |ECR)
| 7;»“3(01)' u6.6 | 1233|3301 | 15867 | 7s.5
3t fsT) | 3842 | ok 22168 | 9231 | z01.9
, e & | S I o
p' (seI) | 1808 - 0 [22112 | 9402 | 1075

<

.The values of y and n can be calculated on a purely the-

'L‘here e

. is satisfactory aq,reement between the theoretical and the- o
isem;—emplrlc& reaults of n, but not for 74 | In both G

' CaseS. 1t was(found that the spin-spin and cpi_n—ot!ur t

3 elements,. am-enpiricul valmy' ”

As previously mtiontd‘” tl!t_-ﬁll

e .mthematically reprepentad .



N o -

1

by ¥('Po) + b2 WU'Se)  (2-37¢)

v' (*Py) |
) = by $(%Pg) + by ¥('s,) C (2-374)

such that J bt + b} =1 (2-38)

and_sipce; )
The d bz are solved in a manner. simi-
lar td esults for t.he p elements are
a2 = L - é ";L7/+ | L
BN Lt (2-39)

- Y + 2y -l _;,“]._ :
-A(spyz'j (sp)‘ (sp) ";,;- =

' bi

/2[

_where terms;: fs'and n? are omitted

" Hénce, | the,;f'

(7) and (8) of Shortely-et al (Sh ll), can then be

Adetermined Finally, by s;‘ftitution ot s and 8§ int°“ e T
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) result consxderably.‘
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It is also to be noted that in the Calculation
of the quadrupole st:ength Sq,'estimates of the radial

part of the wavefunctibns,

are req\u,;ed, 1t is thus. important that the correct
wavefunctions be adOpted In\ihe results shown in the
tables of Chapter‘VI Garstang used self-consistant field

(SCF) anefﬁnctxons from Hartree et al (Ha 39) for OI o wf- -

and SI and from Watson and Freeman (Wa 61) for Sel. whereasg>:'

Yamonouch1 used those from Hartree and Black (Ha 33) for

OI.

.-

Comments on the "Pertuxbition Mothgd" ',.'ff"iil7xl.lé771;

' The various thebraticalxand semiempirical

electron 8 spln-OWn orbi& coupiing 11)\&&6 (2},,;,_ﬁ_ffl,ff:f

spln-spln and spin-othar onbit of diflfrgpt e“

?or in't‘ng‘b.flff””“*




3728.9l vaines of [0II] correeponding to the “594 - 2052
and 7"53-/'-2 - 2Ds/2 transitions in the 2p® ground configura-
tion. The intensity ratio /t

I(’“s.v" - .’D‘s )

I( Ss/ Da/

was derlved, uslng the spln-orbit coupling Y only, by

Pasternack (Pa 40) who found r =1, 9,and Shortley et al.

.

(Sh 41) who obtained r= 1 64 whereas the value obserwed

by All;r et al. (Al 49) is 0.49. However, by including

the,spln -spin coupllng n, Aller et al. (Al 49) obtained ,

fa more satrsfactory value of r = 0 58. Thus,_although

'.only whereas y does 80 1n both the £1rnt and seeond order. N

the 1nteract10n n 15 small compared to Y, the result for

L

r is 31gn1floant1y eltered. This is because n. affects

'the 1ntensxty of the forbidden lines in the firet order

Furthermore thene may well be’ another source

of perturbatlon due to the coupling between the orbits

of dlfferent electrons - an effect which may be as

© 1mportant in magnitude as n. ‘In treating the electro-

._statl.c e'nergi.es E(! S), E('D) and E(’p) “ adjuscablg “ e R

a

[P
I B

parigetere, to be fitted to'é&servations, rather than

usinq the Slater lntegral theory wterbby 5(8?)‘
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of so far as it could be without more information.
However, this effect which introduces a.azi.zk or
aL (L+1) correction terﬁ\was in fact taken into account
Separately for the ('S) levgl of heavier atoms (Ga 64).
~ This corréction term was first found by Trees (Tr ),
to be cogsiderable and appropriate for explaining the
discrepancy between experimental and theoretieal term
Values of the d“ configuration. Also, Racah (Ra 52)
pointed out that the aL(L+1) correctlon explalns the
\constancy of the ratio ('s - 'p)/('D - ’p) in the 2p

conflguratlon It may, therefore, be concluded that if.

the orbit-orbit effect has ‘been fully considered among

the np* elements, the values of n w1ll all be dlfferent
from previously, and so Wlll be the electrostatic ener-
\-gles E('s), E(! D), and E(° P) as computed-from the‘five
equations (2—36a,b c,d e); Thus the resultlng A-coeffl—
01ents will not be the Same although the devxations may'»
be very slight as the velues of n are already small = -
compafed to ‘those of y. | |
Another possible inaccuracy'fme this pertur-
bation method stems from the use of a constant central—r

?-.
fleld appr0x1mat10n i.e. ‘assuming . a unlgorm radial wave~

function regardless of the ~actual states 1nvolved in\i///
partlcular transition. Of course, say for lox] 5577 )

2p* ('p, - ‘s o)+ changes in the central fleld in golhg
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from 'Sy to 'D, should affect the value.of pé = Z ranp(r) dr
(see equation 2-40), on which the line strength depends.
Garstang (Private communication 1974) felt that di fferent
wavefunctions for the different terms should oe used but that.

lack of the pertinent wavefunctions and computer systems for

deducing them have prevented him from doino so.

(b) The Non-Closed Shell Many~Electron Theory (NCMET) of -

Atomic Structure

~This is a non-perturbative”and nonQrelativisticl
theory developed by Slnanodlu and co-workers Oksuz,
Nlcolaides and Skutnlk (51 68, Ok 69 and Ni 71), whereby the
exact wavefunctions used in the calculation of the forbidden-
llne tran31tion probabilities are: obtained by correcting forj'
ekevant electron correlation effects in both ground and
xc1ted states Unllke the perturbation method from the
prev1ous section where a constant central field is used
regardless of the actual states of the tran31tion involved
different central and non-central fields are considered here
in the determination of the correlation effects. In findinq
the exact N-electron wavefunction, a Hartree-Fock.(HF) func-‘

'rturbation

tion is used as a. starting p01nt, Just as 1n the
method This HF component of the total wavefun‘tion takes B
care of most- of the 1ong-range part of the Coulomb field,'~,vﬁ7

‘and then the correlation effects ‘are deduced from the .



&

+
~all the vacant .ones up_to
tion.  For the first row lements, all 18, 2s, and 2p
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shorter range "rluctuation potentials" between electrons,
just as the perturbation effects are.dedUced’from the
"spin-orbit, spin-Spin,‘spin-other orbit\and orbit-orbit
inreractions" in the previous method. The correlation
effects‘are classified into three types, each.of which

can be distinguished physically and determined mathemat-

ically through configuration ihterecfion (CI).

In non~closed shells represented by Figs. 2-4(a),
(b), (c), some of the orbitals in the "Hartree—Fock sea A"Jr
are unoccupied, The vacancies in the HF sea cause new

correlation. effects whlch do not exist in closed shells
$

™ (a) , electrons correlate and shift in pairs (k_ ,kb)

()

bl

Fig. 2-4. Electron tran51t10ns in the non- closed shells.

from filled to unoccupled orbits in A and remarncrn the sea,

f

1Such v1rtual tran51tlons of electrons within the HF sea

pssia

The HF sea is defined a all the occupled orbitals plus 4
the next closed shell configura-
orbitals (=.10), occupled or unoccupied ‘define the HF o
sea,
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produce the so- called "Internal Correlations" In (b),"“
virtual excatatlons where one electron shifts w1th1n
the HF sea while the other goes out81de to a one: elec?
tron correlatlon functlon fk k cause the so—calﬂed
"Semi*internal Correlatlons | Some excitations due to
symmetry polarizations are also consldered with thls
effect Flnally in (c) a pair exc1tation analogous to
those in closed shells occurs,}and electrons in k and '
. kb end up in a pair - correlation function Uk kb outside .
the HF sea. Such effects are known as the "External
Correlations". The first two correlations involve vacant A
iorbltals lylng close: to the occupled ones and are depen-
dent upon N, symmetry and.z and»are thus " non—dynamica1“~d
or "non- transferable” among systems. of different N, sym-
metry and 3. The third-or external correlations are
' dynamlcal ‘just as for closed shells | N . »

Thus in the NCMET approach the exact N-elec-t
tron wavefunctlon of an’ arbltary state can be written in

the form

!

with all parts orthogonal to one another,..

teer el X - <¢RHF'Xext> = ‘xint‘xext =0 (2"'2)

@ : <¢RHFMRHF” Lo o 2-43)

Xig int and xsem1 -p can be calculated quite accurately\by a
H - N : .
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flnlte configuration - inte;action (CI) expansion with no
.ambiguity as to which configurations to choose, whereas
Xext can" be calculated by the methods discuesed by
Silverstone and Sinanoglu (Si 66). All three typea are
important in. calculating ehergies, bu;—in caicu&ating
tran31tion probabilities, only the internal the semi- _
~internal and’ polarization correLation effects are takenhf-
-1nto acoount because the external correlations due to
'thelr local, short range character, do not affect the.
Hartree Fock charge distribution - a hypotheeis borne
‘.out 'by results (81 70 We 69) The wavefunctions to be
used fon. calculating the: transition probabilities are

therefore the non—dynamical ? p given by

M N*?ﬁ-b. = rar + xim | ‘Xae';_nit.p;_, (2-40)

Here ¢RHF is the startinq wavefunction davelopedf~'
L _

} by Roothan (Ro 63) whieh. in qenonl hu the fem
F= X c b (2-45)
: whereftheoa; are the vector coupling or CI coefficients o

. (many of which may be zero because of Syml try), G is :1:,1~q~.-

the number of antisymmetrized SIater determinants A in
'the ground configuration and ‘ .

b . Ak, ) X, (xz) kN(an | (3}-49
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where 4 is the N-electron antisymﬁettizer‘operato; givgn
by _ | , | ;

. A=£(1)P '_"_Q-”
and {k } is a set of N spin orbitals with xt representlnq:}
space and spin coordinates of particle Ty so that

) ke = Ry, (®) Y2 (8,9)- Xy ;(?z’: | (2-47)

U S
The radlal functions Rz (xr). in equation (2 47) were

obtalned by using Slater-type orbitals whose exponents _

were Optlmled i e. L P _
0 ) :

1

xint;.’

Xype i8 given in its CI formby
(M) MLt
L ”ﬂwmrr

number of possible differcnt antisymnntrtfcd

i_Slater determinants A when the specte- cansid.raa has
N—electrons out of a HF sea of M. orbitalg,,,itt;jf Tfﬁt*‘j»"V
- As indlcated by equatﬁon (2-‘3)' xint GOntains ;tfftf'

at most(’ ) -G determinants, many of which. hOQOV¢r,F.'J

‘have Cx = 0 due to symmetry Configutationa xriainq
sxngle-electrOn shifts between s and p arbitala are

' _forbldden by parity considerationa. Becautc of the 1axqa;w,
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energy gap between K and L shells, virtual transitions \§§

\_//

T

between them (1 e. ls ~2p or ls —232) do not make '
.appreciable contributions to E nt" These considerations
restrict Xint to, at most three determinants for the |
lflrSt row - those from 232 —2p? mixing (i. e. 182 232 2p

nfz éI) as ShOWn by the internal pair excitationa

lez 2p
“of Fig. '2-4(a). The intotaal

'rrelations for the ground
configuratign‘of first ow atoms were calculated and '~ ..
_studied systematically by McKoy and Sinanogln (Hc 64) and
. =~ In thc calculations

ivacant 28 and Zp orbitala of the lsz 293 2p configura-fn_'iQ‘

-

,tions were taken to have the same radial part as their o
joccupied counterparts and for 1s 2p v the Zs orbital of ;“

v"{ ls? 282 was used after orthogonalizing it to la ot 15 Zp .4i;
';xsemieg B

LY

semi -p yields a finite CI becauce i; 18

restricted to processes where only one elect:on in alioweﬂ

_to 1eave the HF sea. In its Reo A expcnsion, thefsami,,niffff"

1nternal corralation-polarization function is qlv!nfby




' -ifK(p)

.

'Where i is an- unoccupled HF sea gpin orbital (not
A i
belonging ‘to A, ), whlch 1s given the same value as its‘

oA

- occupied counterpart. ‘

. .
A .

"k is a oné-eleotron correlatioh function describing

a
 the polarizatlon" effect due to the non-central Iiald

of electrons in non-Spherlcally aymmatric~statas, and

'jfg akp’ l 1s ‘a two-electron correlation*functiOn dﬂscrih-,V_?“"

‘“‘,t": ‘?‘=Vi .».‘.”.

ing the semi internal“'effect.}-ﬁ 1;.;;ttc,_:5".; o
’»“_The above f functions are calculated by a txnitauc1.v.
SXPénSlon due to vector oouplinq rQStrictionsviﬁpouad .
-.by the symmetry of the state._ For instince, in thb fd:stiﬁafl

row atoms (18 28 2p ) the f f """

e . F ' L
'v"where AK are determinantl ¢°n.a1'v

type virtual excitations xlpznltntu_ b

_'(2 50) contains one-electxon intQQtal ‘o
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- h ‘and h“ are the one—electron and two-electron terms in

PP
. the Hamlltonian and k dre the: HF sea orbitaygy In the

first row (1s 2s2 Zp ). the k ‘can be of 8 orp orbita}c o

'

4 ' s

only )
R <k|h lF> = 0 1£ F has d or higher symmatries.‘ S

The bra in <k akp lh lk F>, ie. <k kb] can at- most have
. 3

Ppep=s, p, ‘and d co,, nents. “4_'_f _l;_' E - \:‘
Qi <k kblh Ik F> =0 if ‘the ket Ik r> hq

4 orvhigher N

e

| ;symmetrles whlch is true ff F albng hag a?ggor higha:   ;, :




N

-

with an optimized ex'f;onent ' . - |
| - An automatic CI computer program (Nl 71) wah

‘pre;:ared and used to calculate x. nt and x“mi -p* Thus

the wavefunctlons YN on-D from equation (2—44) can be

, detemined and when theae are subotituted into equation S
@—l@ (2 -22), strengths of tha forbidden lines Ln-. eﬁ
volved 4o obtained. Pinal lubstitution into, equation f b
(2- 20) or. (2~ zi) will yield the values of the tranu.t—- ', u

tlon probabilities. S
comnta. o .. ) '} BRI o ', :

As mentioned pmviously, th&a noa-— _f;. i

'tiv'e 'metﬁb'd'_y-“iéids"émofe adcumte vq,lue” ot th' A.eoot- |
- fio.tent thmuqh oonsideration of a1_1"-".'

‘ cea_ fUIly "Pplied

| tromc A equenoes ‘i’ ”
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method has not yet\been applled to the forbldden transi-

tions of the other np* elements, which are “the subjects '5;

of 1nvest1gat1on in thls .work (Sinanoélu,prlvate coA uni*

'cation 1975) The sxtuation becomea more - complex for

transxtions frbm ﬁhese heav;er elements because the
' number of HF sea orbitals 1ncreases accordingly and the

selectlpn of relevant cI bacomas mnre involved

. o . .
~ . . .
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: EQUiPMENT :
o - In thls chapter, ‘the maxn equipment used in the |
g experlments (1) for the production and detection of the
forbldden and allowed vacgum ult;avipletAllnee_end (2{ fot
9:‘:‘the ebeolnte intensity measﬁrement of'tne—spectrai‘linee,'
T ‘through the photon-counting techni@uas is descrlbed A
‘ plcture of the overall experimental set—up is 111ustrated

VN

.1n F1g 311

o ,3-" " The Dlscharge Tube (DT) . » ' R
i 'n _ ”j’ It consisted of‘pyrex tnbinq with thrae a;ﬂe axm:

whxch contafned the electrcdes.: The ovn’”ﬁlﬁdimensions are —_f;

shown in. Fig. 3 2.; Each of the threek,
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Fig. 3-la.” DlagranunatlcsketﬁhOf “the experimental set-up. o
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Q ,
monochromator) . Protrudlng from the horizontal part of
the DT was an outlet which led to a th1n arm for a 0-360°C
mercury thermometer (T). The bulb could,be moved‘in and
out by means of a small metal slug (M) at the high-tempera-
ture end Wthh was acted on by a small. magrget as requlred.‘
From the centre of the middle vertical 1eg of the DT another.
outlet led to a liquid-air trap (LT), then to a high-vacuum
glass tap (V) and flnally to a 28/15" 'female;\end'

The DT was connected to a glass pumpl.g system by
means of a metal-bellow connector which_had two 28/15" 'male’
ends (Fig. 3-3). This f%exiple connector had the'advamtage )
of eliminating any strain thatlﬁight have been otherwise'plaCed

on the DT or the glass pumping system.b

Glass Vacuum System

The overall system is shown schematicallu in Fig. 3-3.
The vacuum eystem was backed by a-Welchuduo—seal_oi;.pump
through a?pehtoxide mater vapour trao. A’ single stége_mercury-"
diffusion pump‘(Hg—DP) cooled by tap water, -was used wlth a
1iquid-airtrap(LT):e The latter prevented mercury from the
.dlfoSlon pump enterlng the experlmental tube as- .an 1mpur1ty..
The Edwards Speedlvac Gauge (S) read dlrectly the pressure inf'
the range of 0 to 20 torr, whlle the Norton Ionlzatlon Gauge "

(IG) covered the range to 1.0 torr with a thermocouple (TC)
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and the range of 107’ to 10”° torr with a cold cathode.(CC),f'
Various gases could“be introduced into the

discharge tube through expansion.chambers‘(b» and b ), the

-flow being regulated by high vacuum glass taps (V) whlch

were lubrlcated with "Aplezon" vacuum qfease The gases

used were spectroscoplcally pure"; supplled by Air Reduc- .

tion Company (AIRCO) or Matheson, and were cohtalned in

1.1 litre break-seal flasks (B, and Eé) which were attached :

'to the pumping train.

The Spectrometers

Two scanning monochromators were used durlng.the

'course of thlS project wOrk 1n the v131ble and near—ultra-

V1olet was carrled out uSLng a 0.75 meter Spex Model 1500

monochromator (f/6.8) while in the vacuum ultraV1olet'the

radiation %as analysed uSLng a one-meter chherson Model 225
_ X ,

. vacuum monochromator (f/lo 4, masked to f/5 5) - . A

The Spex Model 1500 had a Czerny Turner mount

w1th a plane gratlng ruled over an area of 120 mm X 120 mm

at 1200 grooves/mm and. blazed for 5000 A Wlth thls gratlng '
1nstalled the flrSt order re01procal llnear dlspersion of 'L;//%
~ the 1nstrument was around 10 A/mm..fv' '* o ' Af // _'

P
/

The McPherson- Model 225 had a normal inc1den9é

_mountlng with a one- meter radlus of curvature conea6e grating
ruled over an area of approximately 56 mm x 96 mm at 1200 |

“grooves/mm and blazed at 1500 A : It is to be noted that



with this gratlng 1nstalled.the first order rec1proca1
linear dlsper510n of the 1nstrument was 16 6 A/mm bThe
grating was overcoated with magnesrum_fluorlde to 1mpr0ye
the reflectance'in the vacuum ultraviOletAregion.

: 1 : : .

: ,The’yacuum’system for this‘MCPherSOn‘mOnochro-
mator incladed a freon refriqerant unit for cooling the
ﬂpdel 851 cold trap The . unrt was a 1/4 horse power
compressor charged w1th Freon 12 refrigerant and the

. charge condrt103§was 1nd1cated by a pressure—vacuum gauge. .

To operate the vacuum system the sw1tches on. the control

., unit for the components - forepump, dlffu91on pump, gate

valve to the main chamber, forellne valve, roughlng valve
and main trap coolant - were actlvated in the correct ‘e

seouence. ) |

f 3 Thls vacaum system also had safety electrrcal
_1nterlock1ng devices whlch were automathally actlvated
in th% ‘occurence of (l) a sudden rlse of pressure in theb
'maln chamber, (2) a malfunct1 n of the cool}ng system or * .

(3) a power fallure Durlng co tlnuous pumpxng, 1f the {4 15;

foreline. pressure rose to a level‘

on a forellne monltor, the dxffusion pump would be de—
activated and the gate valve to the main chamber would
close»' (Thls would prevent back. streaming of the dlfo“'HL{j”tv

sion pump 011 and contamlnatlon of the main chamber and

grating.) Also,- if the dlffusion pump water temperatureﬂﬂ5

I'_‘



. - o B 62"

exceeded the maximum allowed, a "thermal SWltCh" would - 5
open and thls, in turn, would close the gate valve and .
de-energize the pump heater., Finally, a complete power

fallure would also automatically close the gate valve

The Photon Detectors

b Three dlfferent types of photomultlpliers ;;rei'
used durlng the course of this experlment.g For detect-d
1ng ‘the vacuum ultrav1olet llght an EMR 542~ G Was used
'for the v151b1e and near—ultravxolet an EMI 62568 and
for the 1nfrared and near-lnfrared an EMI 9658R |
The operatlng characterlstlcs of these photo-;
multlpllers are shown in Table III 1 The “Quantum
Eff1c1ency QA" is the number of photoelectrons emltted '_E
- from the cathode per 1nc1dent photon and 1s usually . | |
expressed as a percentage. The ”Radlant Cathode Sensl-"
'th1ty E(A)" is related to the quantum efficiency as
[ | X Q(A) x. 10’ N P
~ E(A) = mA/Watt R
"%" ' l 2395 - o

~' ' R 4

'Where X, is in meters and Q'is in- electrons per. incident 3-'; N
p-photon. The "Spectral Response" can then be givon by a :
{graphlcal plot between Q) and/or E(A) vg the wave- . ‘
_1ength A The actual spectral responses of thé EMI 9658Rfi?;1{f*id
%_and 62568 or the EMR 542 G could thus be ohtained from gff_p:fgi;zg
SRR e sfgﬁff



63

"¥BS96 PU® 59579 IWZ ‘D-ZbS WWI 3O soT3sTIeroRIRWD Supaezedo.

:: stqer

WU g

A 0STT

?3jeoTITs0oI0g

IIEM/VU €° 96

$0€
¥ 000¥
o
qs-so
181
mw-nmxumz_
S~

awl

._<¢_mwo

<.oomm:m 000t | ¥ 0089-Y 0591

A 009

~

,moqﬁwm uuwau‘

uumB\«E 9° 1S

wwﬁ

-~

Y 000V

qs-sD
,umﬂ
nmmnu;

Cuny o1

wl

q

| vmn g-0T x_w

A 0062

gt

© 33eMm/vu g7y

%8
¥ 9121

¢ 00SZ-¥ 0S0T

BBy .
- 81

180
.

W

..m_wwaommum amupoaam uo xuam

mwomuunm mcwuuﬁﬁm huuwcoummu

48696 IWHA

9-Z9S UWT

vnuuuﬁu uuun dno«mha,
umuu~n> Huo«mam ﬁanuu>o ,
ﬁu .nuoudt 30053 L‘ ,

S huﬁbﬂuwucﬂm
u@oauou unuavum xcum_

auuoﬁuauwu anucuno‘xuom

wwaommmm Hmuvowmm uo wmumm.
.muvoeha wo

J.mmvocha uo u&nﬁszfA
B °dAL wvoauuu
wuﬂm mvoavﬂo m>4uom

_ uwumﬁm«a onﬁa.

[ sosos twa



A64
" the correspondlng manufacturer's'dataf R e

| - One of the most 1mportant characterlstics shown ,t
in Table\III l was. the "Dark Current" - i.e the current
-produced by the photomultlpller even when it was operated :
in complete darkness, and,whlch arlses from electrons
emitted from the cathode by agencies other than inc1dent
‘11ght (such as thermionic emission) This dark current
introduces an equlValent noise" which however, can be
-‘negreCted 1f it is about a factor of ten less than: the

‘ 31gnal current (EMI catalogue)

The Refr gerated Chamber for PhotomUItlpller Tube Operetion’” |

, The slgnal-to—n01se ratio referred to above _i. :
_usually presented the ba81c limitation to eccuracy in ‘.~,
'Photoelectrue measurement It*wus thus deairable that the;fhhfd?
dark current which was meinly due to thermionic emisaion,';

~ 7shou1d be mdnimized A ”RF shielded” thermoelectric

.refrxgerated chamber Model RFI 2010 (see Fig. 3-::
used to provide coolzng for photomultlplier'”ubes.
. reducing the derk current The RFI QGIO version;ddd gotwtikihi
_,require supplementel coollng materials such esff’f“hfﬁ_;f
E and wOuld cool the tube cathede to at leaet -2ogcfin a‘;}:_
; 50°C ambient.v The device also had a temperature rggula_lf:ﬁﬁﬁfh?’
ni.tion contro: whlch coubd hold the tube cathode temperature]”fr;fo

’stable to to 5°C withln the selected range of -20'0 tb

e
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o asource The analog system repreaented by a ohart-recordor

.

1

"+20°C 1n a. maximum ambient of +50°C, Heat loeses froﬁ'
'thg thermoelectric devzce plue heat pumped from.the'
_chamber were expelled by a water-oooled heat exchanger.‘
, | The dark current noiee in the EMI 9658R tube
Aues relatively hlgh compared to that in either the : ;.;'
. EMI szsss or EMR 542 G tube (see Table III 1), so. that
its 81gnal to-noise ratio eepecially when ‘the signal
"~wes from weak forbidden lines; was usually unsatisfactory~' 1\
"(<5 1) for the acquisition of'relieble data. Coneequent--;'
| ly, only the EMI 9658R waa found to require coolinq. - j;
In faet ghen the cooling process was undergone in the -,;vaf"‘
'-refrigerated chamber it was found that the aignal-to-di"f°2 ”iiAh
v' noise’ ratio could be increesed by 8 faotor of about 20 |
“V~;1n around 45 minutes'when the’ chamber wae‘greset et -IOEC. ?frif?f
iThus,ythe dark current in the photomultiplier tube oeuld S

’vbe,maintained at: a greatly reduced level for a preset

-'“‘,'

vt!The Electronics forvsimultaneoua Photon-Counting_

| Fi?@ 3-4 illustratee the electronic componentl

AN

:1employed to monitor simultanebualy the photon counta at

‘ two different wavelengths beLOnging to the same rAdiating

'and a micro-microammeter was used to 1ooate bhe pe*
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acquisition was performed using a standardehoton count- ..

nsisting of, for each channel, a preamplie

fier, amamplifier, a 81ngle—channel analyzer and a
dual counter-timer. |
The dual counter—timer drteC'715 was a flexible'

data accumulation module built-in with two counters and"
/ .

a time . base which could be used as the input to one of
|

the counters when both counting and timing were desired.i =
For 51mu1taneous photon countings both Ortec 715'l were
1}

linked with a common time base. One Ortec 715 was set

as a “Master“ and the other as a "Slaue” | Synchronized :

starting and stopping of both'Ortec 715-s ‘was then obtained.f~ﬁ

by using the control logic of the Master only | The latter
could also be controlled manually, or automatically,
single cycled with preset stop or recycled with preset
. stop. ~The accumulated data from ‘Pth Ortec 715's cduld thenn
" be monitored Visually and/or read to a. teletype printer o

after passzng through a printaout control unit.

~ The Standard Lamp A , S L
- Absolute radiant intenaitiea (of the forbiddan
lines) were measured by comparison with an Eppley ntan
lamp calibrated at the National Bureau ot Standards k.
| lamp, shown in - Fig. 3—5 was a commercial General--llnc— .
tric type 30AJT24/7 having a tungsten ribbon filamont

"m




" The filaments W re massive and ”ironed-out" all eftects

5.h~constant voltage transformer Model 23*25 210 whichfwas

(SR-8A type)'centered‘about'é to 10 cm behind a fused
silica window, 3 cm in diameter. lt'could be used as a

1aboratory standard of'spectral radiance’fOr the Qavee'

length region of 2500 to 26000 A. 3 ‘\_ | L~ -
A -‘ For the region of longer wavelength (above »g_
7500‘A)the lamp was calibrated by comparison with'a |
blackbody Operated up to 1400°K* Such a.blackbody, made
from a castiné\of an alloy of 20% chromium and 80%;nickel, ;' j-,l .
was so constructed as to yield an emi;Sivity of 0 999 or. - | |
‘1higher.' As .for the shorter wavelengths or below 7500 A a ”1
-'comparison was made with a blackbody Operated at abOVe
 1400°K The 1atter was made of” highly pure graphite and
:the enclosure SO constructed as .to yield an emisSiVity of
,}0 996. The spectral radiance of either blackbody was p.:’h
vbased upon the Planck Radiation Law. Values of spectral pif;fh
’hradiance supplled by Eppley for the lamp were tabulated | |
. vas a function of wavelength in microwatts per (steradian- gd.v_tx
erllimicron-square millimeter of filament) -

An. alternating current was used to ’ erate'tﬁe'Y7:71’ _f‘?f

. 'standard so as ‘to. prevent “filamentqcryStall’zing etfects" ”?’nlf~fpvi

Y

that would occur if the operation was on direct current.~-f~

-'of the ndanal fluct;ations present in a commercial AC

’i supply The standard lamp was provided with (1) a~Sola '

ki
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used as a line voltage regulator, (2) an Eppley standard
lamp power suppiy Model 501 which had a coarse and a
fine current adjustment dials and (3) an Eppley irradiance _
power Model SN4403 which was connected to the lamp by an
AC line cord | '
An optical bench made of aluminxum was built in

‘_this laboratory for pOSltlonlng the standard lamp and its

auxilliary plane mirror w1th respect to the spectrometer

N

slit, as ‘shown in Fig. 3-5.

Dev1ce USed to“Excrte the Discharges

‘ ) An Ac source, shown in Fig 3-6 ‘was used'to.

:exCite the discharqes in the tube._ Two 1um1nous tube
.itransformers, one of 60 mA. and the.other of 120 mA capacity

were interchangeably used in the circuit depending on the

‘range,of current required for the different types ofb SR
’_discharge. The line voltage from the mains was connectea

to a "Variac" which could control the input to the primary
,'of the transformers, and the secondary ‘was then placed in e
';series wrth sets of resistors and an AC milliameter. The ?;:f

resistors used were either IKR or ZSOKR, all rated at f'

~ 50 watts, and arranged in series and/or in parallél §E- '

o e
-,,cording to the current and voltage range required Essen-;q LT

~
’

*jss?t}ally, one end of the discharge tubo was connected to the%:l

ground potential of the transformer (i e the central

»
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point of the windings) while the other end was made to
oscillate about ground. Typical potential differences

across the discharge tuce‘were around 6,000 volts,

Spectroscopy Photography | | |

The Spex 1500 was converted into a‘spectrograph

of speed factor'f/6.8 when a camera unit repiaced_the

e

Cexit siit. The camera box supplied with tﬁe iﬁstrument, K
was reg}aced by' a more versatilc one built in ocr |
laboratory. Inside the camera box was a holder which'~
could accommodate arpiate'or film strip of size 6 cm x
31/2 cm. A plate-cutter with a diamond edge was also «
built in our laboratory anc the availablc 10" x 4" Kodak
platés were cut into sizes to fit the holder‘ih tﬁe
chmera_bOx. . o
Spectrograms were taken with film strips or

spectrdscopic plates chosen according to he"wayclengih
 response or spectral sensitivity‘of théi;jemulgiontxpe.
Tﬁe sensitivity of differen£ emulsfons in diffefeht |
spectral regions is tabulated in "Kodak Sclentlﬁfc and
Technical Data Handbook, No. P-9", In the present‘work,\
the following emulsion types were used: L

(1) Spectroscopic plafe type‘lbéérF, fo;’ﬁhg near—:
ultrav1olet and v151b1e.> | ’

(2) spectroscoplc plate type I-N izm’\Qe infrared. o
| o

\ |

i

. . . ' - L
: . . b LI
- T
. N
4 |



(3) Colour film EH-135, for the visible.
The spectroscopic plates were processed by
developing for 4-minutes in D-19B developer and then

fixing and hardening in a universal fixing solution.



CHAPTER 1V

THEORIES OF THE EXPERIMENTAL METHJO_D‘ \

The experimental ﬁetﬁod developed and employed
in the determination of the absolute‘transition probabil—
ities of forbidden lipes in the npf‘eleheﬁts aﬁd the
" theories which provide the;basié of this method are
discussed iﬂ this chapter. The mqst.importént of the#e
theories are thoée reléted.toithe'follbwing: (1) the

excitation and depopulation mechanisms of the metastable

. . : |

levels whereby we may establish the optimum conditions

, o - o e : ‘
for producing the forbidden lines up to a stéédy and

measurable level in inﬁensity, (2) the absorgtidn'gro-
cesses in the vacuum ultraviolet whereby we may determine
the atomic density of the metastable levels and (3) the

standard spectral radiance whereby we may obtain the

absolute intensity of the forbidden lines.

4.1 Excitation Mechanisms N .

(a) Dixect Electron-Atom Collisions .
R : . i Y

| The exciﬁation of the’metastgble'levbls ('s) and

-

(‘D) in the np' elements is accom‘#’l‘\i‘sh.ed to a large extent . &

by electron-atom collisions of-the,sgcond kind. ;FOr.;;,
. example, for an np“‘elemenﬁ M in the 'P ground staté} -

73 - ‘
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M(’P) + e(v') + M('S) + e(v") (4-1)

MC’P) + e(v') = M(*D) + e(v") (4-2)
where v' and v" are different‘veiocities. |
The number of atoms excited per secgfrom the ground
state o to a metastable state j by electron collisions

'is given by

(El>e-c'bilis‘ion o fo3e 3
where ng is the eleotron density:; No, Nj-are"the atomic
Adensity of the ground and of the metastable state respec-
-tively, and‘a o3 is- the excltatlon probablllty of t::
. level j from ground state«o glven by ‘

o 4 5_) o3 R(E) VEE) GE o (4-4)
where o . 19 the exc1tation cross sectlon of level j
from levefty, n(E) is the normallzed electrogjknergy
dlstrlbutlon functlon, and V(E) is the electron velocity
Equation (4 3) ~shows that for a given atomic density in the
ground state, the populatlng process of the metastable
level by electron collisions is dlrectly_proportional to,lfr*
the number_of electrons N i;efltO-theiuischarge'curreht,f L
o : | ,vu?g

*
(b) Excxtation by "CaScade Energy - a

A metastable level can also be populated by ]

"cascades" from hlgher levels through ellowed}tranaitxons;u“

o



o ~
: p L
This population rate is given by R
a;l = ' N, A,. (4-5)
t cascade 1 173 . .

where the N.'s refer to the populations of the upper

levels and Nj is that of the lower metastable level for
H

the cascade tran81tlons, and the A, st are the corre-

| sponding spontaneous tran31tlon probabilities. e

A

(c) Molecular Dissociation

Excltatlon by molecular dlssoc1at10n lS one of

the most 1mportant processes that contribute to the

metastable populations of the np' elements.' The disso¥
@ .

c1at10n processes, generally'take place through (l) absorp- '

. tlon of 11ght quanta in the- continua of the molecules

(photod1ssoc1atlon), and (2) collisions between the mole-

cules and the excrted foreign atoms or molecules, the o

latter belng themselves prev1ously excited by direct f:__;f-:l :

colllslons w1th the energetic electronS.-

The dissociatlng molecule ‘and the dﬁsociation

'products, i.e. the atoms (normal or,excited), usually

follow certaln rules whlch oorrelate (1) the A-values of

ftke molecular states. with the L values of the atomic

- molecular states thh those

states, (2) the spln valueS(or multipllcitxes of the

e atoms._ These rules‘=;

‘were origlnally derived on the basis of quantum mechanics

> .

‘ . .
e

N }
. v
R R
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and'group'theory hy Wigner and'Witmer (Wl 28l‘and,

using more elementary considerations, b§ Herzberolwho-
collected the results of all cases of practlcal 1mpore '
tance in Tables 26 to 28 of "Molecular Spectra and N
Structure, Volunme I" (He 50)‘ HoweVer, these rules areav
valid and complete for normal LS-coupllng,of the'mole—’-
cules and‘atoms; departures,from'such coupllngfwlll

allow for’cases that'violate the rulee' .

N Besrdes the ngner-WLtmer rules there is an-
other 1mportant crlterlon that is more pertlnent in the .
determlnation of the actual dissociatlon prodUcts - it
.1s the “Energy Resonance" 1nvolved in the dxssoc1ative
processes.w However, to establ!lh the resonant dlasocia-
tive reactlon! a quantitative knowledge of the foIﬁszai';
must be takén into account.‘ (1) "the potehtial curves” t;i_ ‘ffﬂdf

nt

or the 'dlssochhtion limits of the moleculea under fmiﬁfffﬁflfff

consrderation- (2) the energy levels o£ the excitgd

.forelgn atoms or molecules from which the dissociation :3ytfﬁfﬂfg:’
. energy 15 transferred.. | ?l'.fx' ‘r,;'”x}- " o
‘ . ‘,_-\""Wf:.."'
,'v\ ' ..
h) ?b \ . W

fThe "dissociation limits of an exclted molecular 3tut
‘correspond to the position of. the converqenee limit of
bandi or. of’the beqinning of the continuum under consi <
erat on. ‘ _ _ o \ SN



o Here Xe( S) are the qround state atoms of xenon and the

s ;’ energy released from Xe* atoms 1a taken up by “

Examples for Ogygen-'i

(1) Photodissocxatlon

Of all the possxble photodlssoc1atxon products
of the oxygen states X 32‘ BLy and D *nn " the ones
which are most llkely, after consxderatlons of the
W1gner Wltmer Correlatlon Rules and Energy Resonance,
are the follow1ng ' _

| 0, (X ’Z ) + hv -+ 0( ’P) + 0( P) + K.E.. 7.’»' (4-6’

. - v(Dlssociation,leit:, 2440 A g 5 12 eV)

0,8 L) + hv » 0(°”) + 0O(’ D) + K. E,_»" C(3-7)

(Drssociation leit- 1759 A 7 05 eV)

S

(Dissociatlon Limit. 1340 A = 9, 27 ev) . ﬁrf__?:J

: (ii)' Dissociation by;Energxfrransfer from Exclted Fore;g_

Y

Atoms or'Molecules-$~

~

_(1). From exczted foreign xenon atoms Xe" (Wa 72)

x¢. v+ Xe* +elvn) '_gfw .A-f (4-9)
Xe* + o (x ’z ) - xe( s) + o(’p) + o( s) (4-10)

RO
(X ;zg)

for its dissocxation..v | s e
| (2) From excited nitrogen fore:.gn ‘molecules (Mof.&.

S

o N + e(v ) > N (A ’E ‘) +-e(V”)

, (A ’z ) +0 (x 32 ) - (x et ) +, o( S) + o(’P),

DR A

. : O'I(Dsn )'+ h\)~ :'* Q-(QP)'!*'O'(IS) + K. E. - (4’*,8)_',
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-

Here %2(A it N are the foreign exc1ted molecules, and the
energy reledsed in the c0111310n is used to. dissociate
“the groﬁnd state oxygen molecules into‘the;metastablef o k'd_

_.atoms,

(iii) Excitation by Direct Atom—Foreign Molecules

COlliSlOﬂS‘,

; Foreign excited molecules can also directly

excite the ground state atoms of the np elements into

I

the metastable (! S) For example (Pa 70) &

oo, (A i) + o(p) v N, (x 1g* 4] + o¢* s) “-13)

\

vjd)~ Depogulation Mechanisma and the Buffer Gas E;A

The exc1tation mechanisms described abovet; "7{ti
indicate;;wo Main criteria in the production of the T;;c
“forbidden 1ines nanq.y (1) the presence of a foreign
.agent for the energy-transfer type of excitationl, and
(2) the presence of ‘an electric current for gie excita-i

. tiOns by ‘electrof collisions.. However, _the abova-men-.’“” -

“‘-'--ww-_.......—*

”'tioned considerations do not exhauat‘all posqiblo ga¢‘orn o

v which may be contributing to the ihtenpity of the £o“.

’-bidden lines produced.-

-tff'] The metaatable atoms ‘can” also he deatroyad hyiftﬁbc

' .collisions with other species Or'ﬁith‘the wallehcf thu ‘on‘

K

discharge tube. - Conaequently, an approxima_‘_,_,,.,»




of diffusion effects, involving the mean distance A

79

that a metaetable’atom diffuses before radiating spon-

taneously and the mean free path o that it travels

- between two collisions, may be con31dered

proportional to the pressure of the medium in which it

walls, would however increase the medium s prelsure end

The mean free path of ~an atom is inversely

is mOV1ng (Ar 65a) . A lower c011131on frequency and :

thus less deactivation would-therefore be expected from ‘

_the use of a low pressure medium in the discharge tube. .

'An inert gas),. usually 1ntroduced 1nto the discharge me- ' _f¥'“

:’ ---.‘

' ,dium to "buffer" the deactivating collisions between

the metastable atoms of interest and the discharge tube a o

.enhance the chance for colliaions.. Fortunatelyﬂthere ip

no de-activation in a collision between a metastabre

‘1

'atom and an inert gas atom,\eince the eXcitetion pof"'

k"tials of thelr 1°"est eﬁerqy levels vary from*a'B eveﬁaﬁ;;_,VV

_xenon to 19. a eV for nei;um (Teble w-1) end‘these are’

't(Figs. 6= 1 12, 17) being considered here,'}t

uall much above the energiei of the metestable states 1”;

B Calculatione based on the theery of~probebility-t
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It was also shown by McDanlel (Mc 64) that D is inversely
'proportlonal to .the. pressure of the medium,". therefore X
lg 1nverse1y proportlonal to the square root of the pres-
'sure. Thus, when the pressure of a dlscharge medlum is
1ncrea§ed (such as when a buffer\gas is lntroduced), the '

“path K that the metastable atom would travel before radlat-

ing Spontaneously will decrease. - VG, o : ~h“ .;~r

| - The upper atmospheric pressuré is very low . .
™ 107* torr at. an altitude of 160 km), 80 that to simulate

“such conditﬁons in the laboratorybfor the studies of forblddon |
llnes-as observed in the aurorae, would require an extremely
’ large discharge vessel. This is rather impractical for

' laboratory work but from the above discussion we can see ;ﬁf;‘
hpthat the compromise solution is: to use a buffer gas mixed o l ’;

‘with a small proportlon of the elemnnt“to be inve-tigated ',,

" in a’ gaseous or vaporized form. f

s
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v

metastable levels in the np* ‘alements were treated.

15

Here we shall see'how the optlcal line absorption the-

. " ories can be applled in the determination of the net o i;

'pogulation of such almetastableblgVel,u'

a4
S (a) The Absorption Line

’\

e e When 1ight passes bhrough a transparent me-"'
dlum, such as an element 1n a gaseous or vaporized form,
~ lt emerges diminished in 1nten91ty. Part of the light
may. be 1ost through scatterinq or reflection at the
5@: surfaces, but the rest is. said tci be lost through
“absorption" by the medium (The absorbed energy may be
transformed into. heat or into fluorescent or phosphores-?
'/ o f. cent llght of 1onger wavelengths ) The well—known
’-f?i ”"Lambert Bouguer Lad" gives the relationship between'theﬁg i'{ﬂﬁr

1ntenslties of the radiation incident on and tr“‘

by a layer of absorbing material This law is e,;
' 'fln the form that each successive layer of thickness dx i:f*”“
‘a'of the medium absorbs the same fraction dI/I of the radi- .f

: ﬁt' ‘ Lt tation of 1ntensity I incident upon it, i e. A‘ff; ;Qr:r”'?

dI



I, =1, e~ Ky¥ : - (4-17)
where I, is the (unattenuated)_intensity of radiationf

just inside a layer Of thickness x and I is the.emer-

gent'intensity . - \
If the absorbing medlum‘has an gabsorptlon

— oy

line" %t the frequency Vo, then part o;\tﬁe energy ab-
/.

sorbed w111 be used to raise dtoms from the lower energy

level 3 to the upper leVel i of at. 11ne and the fre-
q ncy dlstrlbutlon of the 11ne lntens;ty Io'w111 be as
shown in Flg; 4-1; the corresponding frequenoy'distribu-"
tlon of the absorptlon coefflcient k lel be as shown 1n
| Flg 4—2.' Maxlmum absorptlon correspondlné‘to ka\occura
"at the centre of the Ilne Vo .The width of thg chord :' i.i f3'
]01n1ng the two - pornts of the curvé where k has fallen L
;. to half 1ts maximum 1s Called the "half'aldth" Df the_‘: e
absorptlon line ‘and is denoted by Av. Tne latter will fd S
a dlf%er accordlng to the way the absorption line has been o R

broadened o v

s ' o o ’ <

“':t'(b) Abaorptlon-pine Breadthsv'

£

that. may contribute to the broa 9
line of a, gas. They are as foll ;nd/*"
| (l) Natural broadeni%g
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(2). Doppler broadening

(3) _Collision broadening .

»

(4% Pressure broadening

(5) Stark broadening. "

L4

. In many cases it 1s possible to choose experi-

mental conditions such that all but one or two broadening
. .

processes are completely absent or negligibieA\ The

~

PN \ ) .
“ present experiments, leading to the A—valugf of forbidden

+in which only the

Y

lines, were performed under conditiohs

v

Doppler (and natural) broadening prevailed. To see how

this is possible, a brief comparison of the different‘
‘ A ) - .

half widths is treated here.

The Doppler Effect is due to the random motions

of the atoms or molecules-in a--gas and, the half width

(Wh 34a) of a spectfum’line‘broadened'by such effect is

given by ' o
._2/2R ln 2 _. /"E " -
bvy = —=—, V.Vo M s (4-18)

where T is the absolute temperature of the minhq\Atpms
or molecules; M‘ he molecular w§ight,p90‘the ﬁﬂéqﬁkncy

at the line centrp, R the universal gas constant and c .
the velocity of iighﬁ. For,asay, a sédium D line at |
25893 A at 500°K, equation (4-18) gives a ‘Axb of 0.02 A,
a value which is abopt 200 times as'lérge as'éhe natufal_

half width (see the next page),
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N ) . : .

The Natural width, (AVN)ih, of a line is equjito

rhe sum of the widths of the two levels,

) (AVN);h = (AvN)i + (A\)N)h (4-18),
where, by the principle of indeterminacy, , )
? (Av ). = AE, /h = l/2ﬂr (Ti = lifetime of levei i) -
Thus, for the absorption lihes used in this work ie can be.
shown that (AVN)ih ~ 1 x le* A, i.e., the natural width is
negligible com@ared_to that of the Doppler effect. /;_~

« T The Collision and Pressure effects are

characterized by the following:  If, during the’fime an
atom is emitting or absorbing radiation, it collides

elastlcally with another atom, the phase and amplitude

L

of the radiation have a chance of undergoing a consider-

- & -
able change. The Collision effect is categorized .as that

occurring when the mean time between tollisions is long

compared with the colllSLOn tlme whereas if the mean tlme

between collisions is short compared with the COlllSlon

-time, the Pressure effect will occur. However, the con-

L]

ditions for the latter exist in a gas only when the pres-
sure is relat?vely high (=»10,atmospheree); thus this
‘type of broadening is seen to belmegligible~gnderkrhe_
pressﬁre conditions chosen in she presenr-exoeriments.
VThefCollision half width (Wh 34c) is given‘by

4NA”D2p

- (4-20)
RTuT
where N, is the Avogadro's Number or ' 6.06 x 102° mole™ ',

.

o
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=

-

D the effective collision diameter, p the pressure and
U the reduced molecular weight of the two colliding
species (one of which may be foreign), For visible

p
light at 273°K and p = 760 torr, v

R

AvD (Wh 344).

For typical experimental qonditions in this project, i.e.

o 4
1200 A light with T about 500°K and 20 torr pressure

we have
. [5000 500 760
bvp = (12,00 X273 X 20) Ve
[ . 300 by, '
© Thus, collision broadenlng is negllglble compared to Y.

Doppler broadenlng for the® conditions employed in the

present work.

Stark broadening is due to the strong electric

field produced by the collisione hetween ionsAand atoms

[}

or to "ion" fields. However, nder the chosen conditions

of the present experlments, the current (< 100 mA) would '

be too low to produce sufficient energy to dissoc1ate the

molecules in question and ionize the resulting atoms
~afterwards. 'Also, the only region in the diecharge where a

Stark effect might occur wonld be'that around the electrodes,

where the potentlal gradlent mlght be around 30, 000 volts/cm.

However, the electrodes are- sxtuated at the bottom of the

vert1ca1 arms of the dlscharge tube; consequently, the lines

v1ewed would be practlcally free from Stark broadening, under

s

the condltlons of the present experiment,

%
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- v“

(c) The Absorption'Coefficieﬁt kn‘and the Population
Density ﬁ‘ '

Having ascertained that the Doppler effect is the
only important factor that cog;ributis to the broadening
of the absorption lines involved under'the chosen condi-
tiens of the present ekperiments, ye‘can_noﬁ consider
the population N of the metastable levels and their
relatlon to the absorptlon coeff1c1ent k dhe to the
Doppler effect only: .

It is well-known (Mi 34a, that for Doppler broad-

ened lines, the absorption coefficient is given by

. o -Z(V°Vo) 2 T
k\) = kO exp -[—T\)—D—— Yln 2] . (4-‘21)
Integrating éQuation (4-21) we obtain
B 4 __l ’ T ¢ _ ’ .. . X
é‘ k,v. }d\) —'j ’l—n-—z— kO AvD; . (4 22)

Mitchell and Zeémansky (Mi 34b) have;shown that-

2 N ‘ '
_é kv dv = e Nf) | o (4 23)

rwhere f is the. abSorptlon oscillator streﬁgth of the

line 1nvolved Equating (4 22) and (4- 23) we obtaln

9 k(\t 2 -12—3.1‘3 Nf b (4-244)
°© " By V7T me S |

or, mére Spec1f1cally, for an absorption line vy whére
H refers to an upper 1evel we have” - 'agi

- .2 [in 2 e? . . ' e
ih  BpY T me Ni"f'i-h oo an2en)

"ko



-

Hence, if the f-value of the line is known and also AvD
mhich can be derived from the temperature Tiof the gas
atoms or molecules in questlon (see equatlon 4- 18), then
‘the populatlon dbn51ty N of the lower level i can be
deduced from equation.(4—24), prg;ided’that'the absorp;f\
-

tlon coeff1c1ent ko at the centre of the 11ne has been

first determlned 1ndependently

(d) Theory of the Experimental Determination of the
< N .

Absorption Coefficient o

‘To deduce the population‘density N of a meta-
stable state in a np* element from equatlon (4- 24) thel
absorption coeff1c1ent ko of an allowed llne whose lower
level is this metastable staté must be flrst determlned
separately. ThlS allowed line, in general, falls 1n the
vacuum ultravlolet reglon of the spectrum. Consequently,

é

Part&of the experlmental_procedgres w111.be conoerned (
with vacuum ultraviolet techniques’and instrdmentationg'"
| | Tne_determination_of‘ko‘is based onaa theory
which is a slight variation'of that used by Harrison

’(Ha 59) in his Studles on self- absorptlon within a-plasma.;'
The discharge medlum can be regarded as belng unlform and
oyllndrlcal in shape’ and the theory which follows 1s val—
lld provided that the optlcal arrangement shown 1n Flg. 4 1

is such that for all measurements, S
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(t + L)26 <D = | (4-25)

Let B be the transmiSsion coeffibient of the window

material of the dlscharge tube and let the monochromabor
1

slit have width w and height h. Then for an element dx

of the discharge medlum the correSpondlng volume element L

that radiates 1sotr0plcally and that is. bounded by the
\
conic sections whose apex p01nts_}orm the Sllt area and #

whose hases are always on.;he'left end (CP) of the dle
‘chargeemedlum (the diameter of each}of these bases i D),
can be shown to be . A _" IR ’

[w t {(t + xlze]th + (t x)26].dx |
Also, only a faotlon Thw/4n t + x)z'of the radiant £1ux
from the above volume epters the spectrograph Sllt

Therefore, the. "effectlve" volume element that enters the

-

( lspectrograph slit is

cavs Iy (e h 200(h ¢ (¢ % x020) ax (4-26)

4 (t+x) 2

'th, since w << h << (t+x)26, the effective,volume‘becomeav

7 W _ Thwe? _ -
\dv—_} ~— dx |
. =c¢cax - S (4-27)

S

'where C is a VOnstant*

Suppose the 1nten81ty emitted in the frequency
annterval dv 1s E, dv per unit volume of the dlscharge, ' 1‘1(

then the lnten51ty of the whole emitted llne per unit
. . &

t fThrough rlgorous con51deratlon, it can be shown that C 18 1n
- fact ‘a "weak" function of k, which, like a constant, would -
. cancel out in the ratlo I /Iz-expressed in equatlon 4- 37

o



/
. ‘ 7o / 7
: S . .
volume of digcharge is ' : \\. {
¥ AN | | ]
1= fE,av . (4-28)
whefe‘g%:éintegfation is across the whole line.

Also, suppose that light from the elément dx is Fartly
y | | S

) ¢ *

"ébgorbed,aCcording to Lambert-Bouguer law} i.e.

’

Eyx = By €XP (= kx) - (4-29)
.o A | /
where k  ¥s 'the absorptien coefficient per uniﬁaaength
for light of frequency v; then the total inténsity of

the emitted line'entering the monochromator and from the.
whole volume of the discharge (which is then of length L
: . . o . ‘ o . : " ’.

X

exp (- kyx) 4V dv  (4-30)

as phown in Figq, 473)‘ié'

. ‘ WV
‘IAG‘? IL ='ff E d
ubstituting equatlon (4- 27) into (4-30) ve havé‘

. vb e - .
IAC = IL _ ff,CiE vo ©XP (- k x) dx dv

1nten51ty of the emxtted llne from!é smaller volume
correspondlng to a lengtz:i of the dlscharge and W

'is‘on the right hand section of the discharge (see

Fig. 4-3) is .
| o B T e T
IAB_='12 = /] C E,q ©XP (< k WX dx-dv ._>(4-32)

Agalr for the‘volume of the dxscharge from the - left hand '

‘sectlon of the dlscharge, the 1nten91ty 1s
‘ . | WL ‘ e . o n"..  i;
: / Inc ;jI(Léz)_=-I£.C E,, ©XP je k,x) QX'dy (4-33) -

€



However, this intensity will be further attenuated by

the absorbing path 0 + &, so‘égét IBC is actually given
by ’ , Sy _ |
“ 1 =1 4= [ffcfl‘en>b-kx)drwv]em
S . k) (434
\\.. o o ' Voo .
- . Now, 1if the line has a Doppler profile, then we may

write a§\in'equation (4-21) (Mi 34a)

0 .. . ‘ I
, .k, =Kkoexp (-w?) B, =Eg exp (- w?) “(4-35)

1n 2 - (4-36)

- where
¥ iand AvD‘is given as i equatlon (4- lBr
Taklng the ratlo of eq atlon {4-31) to (4-32) -and then,'
g 3
%//%- R substltutlng (4-35). 1nt9,£he resuftlng rat;o, we/gbtain

I I /7 [1 - exp {- koL exp (- w?)}] dw '
T — (4-37) »
TAB L ;' [1 - exp {~ kg% exp (- w?)}] dw _—

2 ) ) ' ’ w’s o 4 )

Similarly, taking the ratio of equations (4-31) and

(4-34) and then substituting equation (4-35) into the
'resulting ratio, we obtain

S IL o
TEE Tie-g) - | |
el k IRV
o L ex (~w 2y k 3 exp (-w )] dw e
[ 11 - e X0 p 0 : (4-38)

-4
.\.

lwl["k\& exp ( -W ) _ -koL exp (—m )] dw

The 1nten31ty ratios from equations (4~ 37) and (4-38) can

\ be evaluated on- a computer\for different Values of koz,'
’ , ) . . Q .

L

S

5}\ .
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with t.he;u%ger alimit lw| of the intégration_s set by the
bandwidth of the line beyond which absorption is absent

or negligible.’ Figs. 4-4a & b‘éhow the_fesu\t correspen—
1ngito equation . (4- 37),\1n whlch,L = 2.0312 and lwl = 310?'
The value of. k for a certa*n line can then be determlnedg
in the follow1ng way: The- 1nten31t1es are measured for
the two lendgths 2 and L of the dlschargeﬂ both measure-

v ¢ ¢

ments being made under the same conditions, .and the '
' ¢

" intensity ratio IL/IL is.then deduced. This ratio is then

¥

located on the ordinate of one of the graphs in Figs. 4-4a
& b and the correspoh@ing.value of k & is interpolated.
Sincexz, the discherge length corresponding ‘to AB in
Figﬁag;g,_is’known, the va}ﬁe of K, ¢an therefore be de-
duced. - IS K R §

| f—'_f\

4.3 Spontaneous Transition Probabilities of "Forbidden"

Lines
' (Vs

' We have seen how the absorption coefflcient k f,, -

B J
of an allowed ultraviolet line of frequency vih can be o

determlned and~consequently, ‘how the,population‘density
e 3 , ; kb ‘

N of its lower state i can be calculated from equation

- (4-24), afterbhaving'aSSumed the f-value of the line.

Now we shali use this value of Nlinéthe determination of
the A-coefficient of a llne of frequency vij as follows.fi

From Elnsteln S relatlon.we know that the Lntensity",,'
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I of any spectral line of f;éﬁhency Vv is proportional
. ’ L

"to the’ spontaneoys tfansition.probability of that line

‘bere h is Planck's constant.

and the population density N of its upper state, i.e.

I = NA hv S (439,

3

A

i . . g i
In the present cases whgre forbidden. transitions between
_ . . ¢
- ] ‘

metastable states i and j in the hp“ elements are in-
volved, equation '(4-39) may be wriften more specifically.

as :
.

=GN, A,. hv,. ”l . (4-40);

I..
ij R TR H %

where I.. and Aij are the absolute_intgnsipy,and the

P}

1] . .
spontaneous’ transition probability respéectively, of the.

[y

"

forbidden line of_frequency.vij (seefFié. 4-5); G is

1 geometrical factor and Ni is the population density
of the state i. V V |
depdpulatidn procesSes of the'staié i, should have a
steady value for § given condition of'the'diSCbargé;A ,

A}

As mentioned before, this value is obtained by firét, ‘f

‘determining the ko-value of an allowed ultraviolet line

of freqtjehcy,vih and then substitufinq iﬁ»équatidn

(4-24). Thus, a meagurement of the absolute‘ﬁnpepsity !

I; and of the steady state popuiation'Ni}shouid, as

- indicated pyiequatloq (4 40), yleld'a>va1ue;fgriaij.\;)r..,i V.
: : TN e 3

N,, from the net result of the populating and

..
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Fig. 4-5. The allowed and the forbldden lines with a
common state 1

One important aspect that should be pointed
out here is that the measurement of Iij and Ni should be

made simultaneously. This ie'made possible by employing a

correct 1nstrumentat10n arrangement (descrlbed in the‘

next chapter)

,"4.4' The Absolute Intensity Measurement

To obtain the absolute A—coefflcient of a

‘ forbldden llne we have to measure, .among other quantities

(equatlon 4- 40), the absolute intensity of that line."TO‘f
do this, a calibrated standard of Spectral radiancef in |

the'form of-aftungstgn strip-lamyAmay be uged.

"TThe "Spectral Radiance is the Radiant‘Power pew
solid angle per unit area of: source per unit wavelength

s 1nterva1 . . :

. . v."’
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Qe) The Standard of Spectral Radiarce

»

Much research has be carried out on tungsten

lamps, in particular ding the spectral emissivity
of tungsten (Or 36, De 54, Sc 68). Although all the
results are not in perfect agreement, it is generally

I

’acénowledged thet with reasonable géutionothe emmissjivy-
Voo
ity of pure clean tﬁngsten ribbon remains fairly con-
stant throughout the life of the lamp. The determina-
tion of the spectral distribution of radiant energy.frOmv
a tungsten filament lamp has then!been obtained by making
. use of the pubdished salues of ﬁhe emissivity of tungsten
(St 43,.Co 57, Ba 59). ﬂbwever, in these cdlculations7}/
no account was taken of the effects of impﬁr{tiés present
~or of the 51ze, shape and crystalllne structure of the
5lla?eﬂt,a All thesg’propertles affect markedly the true
spectral and total emmissivity (De 54). Furthermore,
De Vos (De 54) fouﬁd that i'nterréfl_ecltlons w1th1n,thf laﬂmp‘
affect the total‘epeetral radiation from a partiquar
tungsten strip. In order to obtein the cofrec£ spectral
radiance of a 1amp, f% bedhme'necessary}that the-barticﬁ
ular lamp be callbrated agalnst a blackbody The types
of blackbody and the standard tungsten lamp used in thls
work are détcrlbed by Stalr et al (St 60), worklng at N.B. S,

It has been well established. that the spectral

radlatlon characterlstlcs of a blackbody may be deflned
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is the "normal spectral emissivity"
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I v
in terms of certain physical laws. Thus, from Planck's
radiation law, the radiant intensity of a blackbody at

an absolute temperature T in the wavelength interval.

(A, A+d ) is given by " , | \\\
g 0 c, d\ |
P01 4 = (4-41)

C \
2° exp (—i - l)’
~\ar

where the radiation constants C, -and C, are given as

follows: ' &

Cl

1.1908 x 107!2 watt-cm? - s'ter'1

C 1.4380 cm®K

2

and IB(A,T) is in watt-cm~? ster~!/cm wavelength inter-

\
\

val.

The radiant inténsity-atfthe surfacé of the
tungsten strip at a temperatere T in the wavelength
interval (X, A+d ), in a-direcﬁion nofmal tb the surfgce,
is defined by - | /

IO,T) dh = e(A,T) I°(O,T) . (4-42)

where IB(A,T) is given by e@uatiqn (4-39), and ekx;T)
| t

v

of the tungsten

'ribbon_surface_with a value varying betweeﬁ 0 and 1.-

e, s

TThe normal spectral.emissivity is the ratio of the

'spectral radiant intensity in a direction normal to the .
surface of the strip at a temperature T in the wavelength =

interval (A, A+d)) to that of a blackbody at the_game
temperature and in the same wavelength interval. [
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e(A,T) was determined‘fox a tungsten ribbon surface byi

De Vos (De 54) as a function of wavelength at temperatures
ranging from 1600,t0'2800°K. The teﬁperature T waS»de?R}.’
rived from the brightness temperature of the ribbon

. surface with the aid of a disappearing filament pyrometer
(Ru 54). Thus, knowing'the wavelength A, the'tenperature
T and the corresponding emissivity e, the absolote radi-
ance of the tungsten strip lamp fof a certain'oeometry,
can be deduced‘fiom‘equation.(4-41) and (4-42). - The
EPT;llSZ(tungsten ribbon filament lamp used in this work
was calibrated at'a temperature T corresponding to a
current‘supply of 35 amperes and a table of results on

the absolute spectral radiance E(X T) ip microwatt/

2 source area,

'steradian—nanometer wavelength interval - mm
is given for a wavelength region ranging from 0.25 to
s * ‘ : ‘ o

2.6 microns (Table 1v—2)¥‘

(b) . Absolute Inteﬂiity of the Forbidden Lines

The absolute radiant 1nten;ity of a forbidden

line from a particular volume of the discharge and through'~'

a given slit width can . b determined by comparlng it with

the known spectral radia ce of a stahdard ribbo lamp as

NS

.follows

The forbidden line observed from a patticular volume L‘-#

of discharge and thenradiation from the ribbon surface of'

SR I
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Tabie IV-2. Spectral radiance E(A,T) in microwatts: per
(steradian-nanometer-mm? of source) of lamp
No. EPT-1182 operated at 35 Amperes, suppli‘i”

by Eppley Laboratory:.

A (nm = my) Spectral Radiance
\ .
250 1.39 x 1072
260 3,09 x 10-2
. 270 5.56 x 10732
v 280 9.68 x 10~2
: 290 1.60 x 10-!
300 2.55 x 10!
320 : 5.82 x 10~
350 1.56
370 - 2.78
400 5.48 o ,
450 13.4
. _ 500 } 6.9
550 o 4.2
600 ‘ _ 64.8 -
650 4 86.5
700 107.
750 124
800 137
900 N 150
- 1000 154
- 1100 . 150 T
1200 ' 141 - —
1300 : 129 °
1400 o - 116
1500 ) 103
1600 -/ 90,7 o
1700 - .79.2
11800 . 68.6
1900 . ' 59,6
2000 | 51.5"
2100 . 44,7
2200 - C 39.1
2300 35.0
2400 .7 31.6 : ‘
2500 28.2 S .

2600 244
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the 1amp (run at the calibrated temperature)‘are, in
turn, directed normally to the entrance slit ef a mono-
chromator, after haVing been totally reflected from an
adjustable mirror (see Fig. 3-la). The photomultiplier
| signals from both sources are recorded for a certain
time intervai':\

In the present experimental set-up, suppose
ag, ay, are the‘monoehromator slit and ‘the ribnen surface
areas respectively; dF’ dt’are the distances ‘from. the
slit to the forbldden line source and ‘the. ribbon surface
respectlvely, and.AA is the waveband obtalned from the
gratlng dlsper910n dA/dx of a particular slit dtnb
w, i.ev A\ = (dk/dx)w.‘ Then ‘the radiant energy/sec B
1nc1dent on the photomultlpller from the lamp at the e
calibrated temperature is |

R(A T) = E(A T) ‘as . dr W at,*

| dL dx

~ where '(a /dL) is the SOlld angle subtended ‘by the slit
on every point of,the*rlben surface and E(A,T)‘ie_the‘ .
spectral radiance of the standard.lané;‘.The abeve.rate"“
of radiant energy expressed in photons/sec is - ) -
ROALT) E(A,T)_% : QA C W aL . ‘.._.
hv : dL dx K . ‘
Now, let C |

L
7sec) corresponding to N and CF/T be that from the A

be the photomultlplier signdi rate (counts/ tfju'"
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particular source of the forbidden line after hayihg

been corrected for the transmittance T, of the glass

tube wall. (It should be noted here that CL_need not \\
be corrected for thelt(fnsmittance of the lamp window
material since it was already corrected duringvitsa
callbratlon ) ‘Then, since the photomultlpller 51gnal

is proportional to the number of 1ncxdent photons, the .;

radiant energy of the forbldden»line, expressed in

photons/sec is

o ’
NF= I-QLX—E '
S A
a : - Ca
=E(,m) = . \1 v —E,l—,-l-
| dL X c & ‘F '

‘Also, the SOlld angle subtended by the Sllt area oh
every - polnt of the dlscharge volume seen from the side
of the tube is (a /d ). whereas the total solid angle
»‘subtended on the whole wolume of the discharge seen 13

4T, Thus, assumlng that the.radiation from the
K

dlscharge seen is 1sotr0p1c, the total radiant 1ntensity

/

_ & '
of the fo;blddenvllne (v ) from the whole discharge'
- volume seen, expressed'in ‘'photons/sec is v
L e , e/ Ret. M
o ' .dz'> S
: : F :
I- . = N_ L — -
Ty = Npe 47 (.a S C o
= 4,1:.1':(,)\,,'1')' a . dx W l—:‘~ . i—(gl) (—-E-‘-) ‘(4-;-743) .
_Note that 1n equation (4 43), the slit area as cancelled




v , 104

qut (as long as the same area was usedﬁguring~thevcom—

pa¥ison of the radiation sources).

4.5 Obtalnlng the Absolute Tran51t10n Pxobablllty Aij

from its ImpllClt Relatlonshlp with the Measured

Quantities in this Project - . 4},\

‘.

-

The absolute intengity I, of a forbidden l;ﬁe
is obtained by using'equation (4-43). This value is
related to the absolute &tan51t10n prohablllty Aij throth
equatlon (4-40) in, whlch the geometrlcaf factor G 1s given i
by the volume of the cyllndrlcal shaped dlscharge, i. e.;;

‘G = wrzL'-' *; |
where r, L'are the radlus and the length of the cyllndr1-7;l
cal dlscha{ge reSpectlvely. . | Jﬁ’ ' -
Thus, substituting equatlon (4- 43) 1nto (4 40) (the‘latter

is in photons/sec), we have

4nE(A,T) %gxlwl%-i(_ﬁ)(_?.) .
o o Re s Tp NG /NG
. .‘é'vr L-. Nl A 3
i.e., N y : | S
1 [ 4 o ) S U
A,. = —]| —— , E(A,T) -. . m— . W, e -
i3 TNy L g (. ' );_ aL .dx C heTp

e (& @] e
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.\>\

where»Ni is givén by equations (4-24) and (4-18) as

follows* ‘

2 - f, S
\ - b et M dh - (4-45)
K N{ mc 27RT ko , S

ih

Where' the other quantities are as mentioned previously.

\ ¥
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CHAPTER V _ ' «f
EXPERIMENTAL TECHNIQUES g

P2
e

In'ihis project it is'usefulvto-consider some

of the experimental techniques which yield the most L

favourable conditions for the acqu151tion of experimenzgr‘
results. The.availability of modern equipment and facil-
ities:in our laboratory H&s led to several‘impr0vements

-~

over the only other experiment using thls technique (Mc 69),

thus resulting in more rellable A-values for forbidden

/ >

lines. Some of these techniques are'discuSSed in this

chepter. N

4

5.1 Techniques in the Production of Forbidden Lines,

] . From the various theories described in the
previous—chapter on the excitation and dopqpulation of |
the met§;§£ble states in the np elements We could infer -
that, to produce the forbidden lines (which r@present theci
tranaytion between those metastable states) in the. labo-_f
ratory, we would have to éesort to speCiaI\Elchniques,

some of which are described ‘as follows—

'(a) Method of Excitation :

An ordinary AC circuit, which characteristically
>,

. J

transmits at. hlgh voltages and Low currents (thus with a E
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’
small power loss I%R), was found to be the most appro—
priate for the exc1tation of forbidden lines that were
practically free from blending by molecular bands (Ke 69) .
However, the circuit employed had to be properly arranged
For instance, for a particular discharge it was necessary

to choose the ballast re31stance carefully 80 that a

steady source of forbidden lines was maintained Other-
wise, either'the ”striking"-potential would not be attained
or a fluctuating, non-uniform discharge would be produced

F

The c1rcu1t diagram is 1llustrated in Flg. 5-1.

In general, aftergthe~str1king potential;was
reached,'the-Current orzvoltage range maintained iﬁithe
discharge would depend on the nature of the element that

bwas being 1nvest1gated For an: element that exists natu-
irally in a gaseous state, such as oxygen, an AC current of
~ about 90 mA (w1th five 1 kﬂ 50 watt resistors connected
in series) was found to be appropriate, and for an element
/that had to be vaporised, such as sulphur or selenium,.
current of about Q mA or’ 1ess (obtained by arrangin%-kwq
sets of resistors in series, each set being made ugﬁb .‘ o

three 259 kﬂ 50 watt resistors in parallel) would bg Mbstf}
| suitabte. In any case, it was important that a low cqfrgnt

be used for the vaporized elements, since at higher currants‘

thhe vaporization produced from the correspondingly higher Lf

| temperature would be of such an extent that (1) the vapour IR

!
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would readily reach and smear the LiF window of the dis?
charge tube, (2)\molecular_excitatio§ wouldAbrevaiL, as»
there would then be a high molecula} concentration of the
vaporized element. | | |
| Another important aspect relatedvto the'excita-
tion of the non-gaseous elements was the means by which
these elements were obtained in a:vaporized form. To

r /
achieve this, the discharge tube, which already had de-

.posited on its interior wall thevdistilledfin element,

was heated from‘outsidé<by'means of a Nichrome resistahce

'S
wire that was c01led around the discharge tube and elec—.

B

trically supplled through a Varlac. The latter waS\set

‘to a certain voltage,untll the temperatureaof_the'dlscharQe'

tube had reached a steady level. After this stage the
discharge between the.electrodes_bfVthe_tube was started;

4

and if an "optimum" discharge was still not~obtained, the :

voltage supply'acrosa’the eIectrodes would be switehed off,'

. and thateacroes‘theeheating'eoil increased, untiila'ateadye

/

__temperaturé\was reached.again.~ This'process wa&-repeated |

until an optlmum/discharge was obtained A graph relatingi
the temperature on the outsrde of the discharge tube wall |
to the time and voltage supplred to a 225 cm- length of |

heatlng ceil is ‘shown in Fig. 5-2, -

trhe “optlmum“ $iseharge is as defined in part tb)- of this
section, e B
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(b) Obtaining the Optimum bisCharge

In’the‘context of this work the "optimum"idis—
charge re;resents a discharge (1) from wilch a relatively
strong source of forbidden lines could be observed free
from blending by impurity lines, and (2) which setisfied
all the conditions on which the theories described in
'Chapter IV were based. Such a discharge should always
possess a uniform, diffused appearance.

The inhibiting effect which some impurities had
on the producthon of forbidden lines was one of the most'
important factors thatwere considered during the procedure

imed at obtaining the optimum disoharge Impurities,
usually due to traces of hydrocarbon introduced by the
- vacuum grease applied to the glass stopcocks and by the
'roughing pump “0il, and to mércury 'vapour excited by the
Aelectrical discharge‘ would interfere with the normal :
“dissociation process of the sample molecules or collide~
with the’sample or buffer.gas atoms.: Invthe case of
COlllSlOnS with. the buffer gas the impurities would com-;:
pete with the sample gas: and Vice Versa. Thus transferred .
energy that was norma used for the exCitation of. the |
nftastable sample atoms 3ould instead excrte the impurity {‘
‘atoms or moiecules- the lines of interest, if still v Vd$§7
-formed would then be much. reduced in intensity'pr would ;

probably be blended by lines or bands from the impurity
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%g?&* spectra. Blending would, in turn, affect the resolution

-ﬁﬁjg:of the lines of interest, and yield inaccuracy in their

RS

3 ° intensity ‘measurements.
e However, the impurities could be systematically
W : :
l 1N »
%xyellmlnated as follows:
Y . : o :
% The discharde tube, which has a section cooled by

c}lquid air,was first of hll evacuated to the loweést
gsoéible pressure. It was thcn filled up with about 25
corr of pure helium cnd run at aghigh currenc densiiy

e 90 mA)ufor about one hour. The helium content was then
flushed out of the tube and the whole system was then
broughtlto a RF eddy-currenc'hcatef: There, the tantalum
electrodes were outgassed by hcating them to,red—hgf tem-
peraturés with a RF induction coil ) After(haV1ng outgassed '
the electrodes, the tube was agaln fllled dp with helium

. mlxed'with a little oxygen, run at a high current density

for another hour or so and flushed out. The procesé -
filling,lbdrning and fluéhing wihh helium -'wdscreﬁeaced
until the helium discharge showed the salmon color charac- ‘

teristic to pure hellum, which was 1ndicatiVe of a clean

discharge. o : . - rf, o
1t shouldfbe noted thct'merelburh;hg&ﬁith a

_hélium—oxygen mixture‘of high current density ﬁan-ihlu;:“

',f1c1ent to produce a clean discharge~ cleaning the - elec--

trodes by RF ‘induction heatlng must be undartakan as wcll.
. " A ,



Fig. 5-3 shows spectral scans of some selenium lines in
the vacuum ultraviolet region from (a) a contaminated}
and (b) a clean discharge. In Fig. s—3£'the Se lines
1994 A and 2063 A are blended by CO bands whereas in
Fig. 5-3b these lines appear sharp and free from blending.
Among the Yother conditionf that an optimum
discharge must satisf; were (1) eqguation (4-25), i.e.
(t + L)20 < D and (2) the homogepeity of the discharge
medium; both of these conditions would not. be satxsfiea
" if the dlscharge medium, were "cored" at 1ts centre. To
obtain these conditions it was neceSsary_to make delicate.
adjustmente in the proportions and pressures of the gases
used and in the cdrrent‘densitj.or the‘baliast resietor

of the.AC,circuit.

5.2 Temperature Measurement

A quéntlty that was to be measured for substitu-
tion into equatlon (4-45) was the (square root of the) |
Doppler temperature (/T) for the vacuum ultraviolet line-
that was feeding the upper level of the QOrbiddcn line of
1nterest.: This temporature was in fact, ﬁhat dua to the .
average kinetic motion 8f the émzttin atoms trcm th. dll-
charge medium. -Ho#&%é;g/{é there was a discrepancy ot as -
| hlgh as 150 degreea 'n ‘the mcaauremant of T‘(which, by

1nterferometric measurgment 1n a similar eupcrimont (uc 69),
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yielded an approximate value of 500°K for a typical line
"in a similar discharge), the approximate percentage
error involved would then be

40/ = [ /500 - /450 , 100 | = 454
/500 .

In the present work, the temperature T waS<measured by

means of a 0-360°C mercury thermometer that was lodged in
a horizontal outlet from the side_of the discharge tube.
The thermometer bulb.eduld be gradually slid into uhe
‘discharge region by means of a magnet whicn acted on a
small‘metal slug fitted to the top of the thermonetef} . 3

- For eacn optimum discnafge used, sevenal temperature mea?_
surements were taken, each belng from a partlcular radial
p051t10n 1n31de the dlscharge and the average value of T
determlned. It was found that the maximum dlfference - "f\\¥
between the‘temperaturee taken at-two extreme radial poei-_
" tions, for uhe_preeéuref:angé enplejed, was a;ways‘mﬁﬁn’;
.‘less than the upper limit-of'tso-degreés neﬁ-in’ﬁhé'above,
.example, So that the mean deviation in the temperature
measurement was. always < 5& ' v | ; |

| | In view of the fact that the:e was only a small
_temperature diffexence at the diffemunt radial positian

in the discharge the previoua alﬂumption of an hanogcnqgf*“

~ discharge medium was. taken as juttified
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5.3 Photon-Counting Technique

Meaéurements.of spectral line intensities could
be performed either.by a chotographic'or a'photoelectric
me thod. |

In the photographic method the systematic errers
involved from the equipment used and the accidental'ertors
frcmxgbservations could amount to a relatively large extent;
These’ systematlc errors’ could art;e from such causes as the .
zero drift or sen51t1v1ty change in the measurlng system,
plate background due to chemlcal fog, stray light, recip—
rocity effects in the emu151on and fadity standards in the:
’callbratlon patterns - On the other ‘hand, acc1denta1 errors’
could arise from fluctuatlons in the llght source, non---_r
unlformlty of emu151on thlckness or’sensitivity, tempera-
ture, - solutlon concentratlon, processing techniques and '
uncertalnlty in the measurxng scale. quever,»the Phqtpf
..:graphlc technique was‘undertaken in this pxsjectrfcr (l)
the prellmlnary 1dentif1cations of the spectral lines of
4_1nterest and (2) determlnlng ‘the reciprocal linear‘diSper- t

_s1on dA/dx of the grating 1n the Spex at the-differcnt :‘ 8

‘.wavelengths of Lnterest :

.I" the Photoelectric method, ‘ich.r.‘nhlﬂ’uaqffﬂh"ﬁ

or a digital system could be used In thc "

the output data were read out tran a pcnnshart“rlf"”
19 , :

.5whereas in the digital syatem tha outputnwhhﬁﬁ'

-y
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a photon\counter—timer. - .
The_photon—counting‘techniqne'has been employed
adventageously_in this:work. For instance, the resoonse
‘in'snch a systemﬁwas’alnost instantaneous, i.e. the actuall
qnantities from the meaeured source were being read outl—‘
a fact\that.was very important eepecially when the measured
source.was not Steedy (e.g. the oxygen graqually burnsg out

of the discharge over a.period-offseveral hours). This

technique could also, among other things, yield a higher

wavelength resolution - a fact borne out by compari
A

photoelectric profiles obtained through the pen-chart

the photon counter recordings (see Fig. 5 4) : SV

(a) Preliminary Procedures"i _ )
' In the photon-counting technique the preliminary"r
procedures were - undertaken systematically as follow8° R
Firgt the components of the spectrophotometric sys-rf'
| tem - light sources, auxilliary optics and spectrometers -
were aligned E& meana of a He-Ne laaer 80 as to ascertain .h

normal 1ncidence of light on the apectromoter. Then after'lV

_the photomultiplier voltage had -tabilized, thn wmr

:,window limit in the Ortec diicriminutor wat adjustel'ua"ilifﬁ
‘ fthe dark ‘current noila leval x!c[fih “around i
The signal trom the torbmddeu liné :

‘counts/sec.
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Sel 4887
o

Ne I 4885

— Ne I 4892

Fig. 5-4. Photoelectric profiles Y o _
of Nel 788538 and Sel 4887 g.x‘ : ¢ 0o o b
(a)  From chart-recording. - Lo ' e
(b) - From photon=counting. '.
4 | I o o

o
 Se I.4887
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and the Signal~to—noiee ratio was determined If that
ratio was less than that recommended ﬁos the photomultl-b'
pller (usually around 10:1), the dark current wou;d.have ’
‘to be reduced by cooling the photomultiplier in the
refrlgerated RFI chamber. In general the data were

each recorded repeatedly about ten times and were ‘then
ave:aged out. The statlstlcal fluctuat;ons in such data
were usually'within 0 to 5% e any'abrupt‘fiuctuation ’

“ would indicate a major change'in the‘discharge coneitioﬁs
and the corresponding data were discarded.

.

(b). Relatlve Intensitx,Measurements

The photon—countlng technlque was also employed .
~in the measurement of relatlve line 1ntensities., In such‘j
measurements the line profiles were flrst obtalned by
plottlng the 1nten51ty values recorded through tha\same
:Sllt width at dlfferent pOSlthhs from (A - dk/Z) to |
}(A + dA/Z) where (dA/2) is, the separation between the peak
wavelength A and elther of the 1ine wing-ends (the posi~'

- tions of the lxne peak and wings were approximately located
‘beforehand by the pen-chart recording) The different
wavelength ppsitions in the profile were made possible by

| '.driving the wavelength manually through steps of 0. 1 to
6.3 A on the Spex 1500 (fcr the Mc?hernon -»a stepping

"motor that could automatically dxiva tha wavelcngth ’t»ﬁfi?fhi
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uniform intervals, was available). The line peaks could
then be read from the profiles and the ratio of the peak.
counts determineé;’ As'long ashthe same.spectrophotomete
ric components and slit width were used,'the,relative
intensity ratio need not he.corrected'for reflectance,
transmission on absorption characteristics. HoweVeri

it mustvbe.correctedjfor (1) the second4order radiation,
if present -‘eliminated by meahs'of eppropriate filters
placed inside the spectroméfeﬂ, end (2) the detector
'«senSitivity reSponse at the different'wavelength regidhs
involved - done by comparing the response from the stan-'
dard lamp at those wavelengths., Fiq. 5= -5 illustrates

the photon-counting proflles of the ‘green auroral line
0I 5577 A and the transauroral line o1 2972 A whose rel-
‘ative intensrty ratio is the same as that of their tran-'

'51t10n probabillty corrected for the wavelength difference.‘

-

(c) - Simultaneous photon—Caunting |

B o We have prev1ously discussed in section 4 3 the i‘
;1mportance <af obtainlng simultaneous measurements of the
1nten51ty I of a 1ine and the pOpulation density N of its
’*zupper 1eve1 in the determination of the transition prob-_.lff

“ability A, The photon-counting technique with its chax-

"acteristic fast response in detecting and recordinq radiar:i

:':tion was therefore utilized te advantQQe for thil purpot
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The electronics and optical set up for simul-
taneous photon-counting were illustrated in Flgs. 3-4 .
and 3- la respectively. Measuring N was shown in the
‘theoretlcalvdlscu551on»to be "equivalent" to measuring
the intensity ratio IL/Iz of'a vacuum ultraviolet line
cascading into that level, where L and. % were the dif-
.ferent lengths of the discharge column_viewed‘end—on.
Actually, during the experlment IL lthe}intensity from
‘a discharge length L V1ewed end-on) and I (the 1ntensity.
\from an area A viewed side-on) were flrst measured simul—
~-taneously for a certaln optlmum dlscharge at a particular
current ‘and voltage- then under the same current,IL (the
lntensity from a dlscharge length % . v1ewed end-on) end I
(the 1ntensity from the same area viewed side-on) were
/measured 51multaneously.' However, ‘when the pressure in
the dlscharge tube was relatively too low, the voltage
- across the d1scharge length ¢ mlght not be the same as
that across L, although the current through either of
those lengths were equal. Thus, the second value of T |
‘mlght be different from the flrst one. If that wera tha .VT

rcase the value of IE must then be normalised to whatvit

would have been had the sécond value of 1 been unalt.rudgf}”

i. e. Im must then be multiplied by the ratio: |
value of I divided by aeccnd value of. 1, :t'ht% n :
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and the metastable population N meesured from a constant
discharge volume, viewed side-on and assuﬁedtto be under
the same conditions of‘excitation, should be equal. In
this way,_the true extent of self-absorption tgroughvthe_'
-lengths L and 2 of the'discharge,when'meaeured from end-
on (IL and I ),'were being compared, as they‘wouldbhave
 been under simultaneous obserVation. :However, as may be
noted hére;‘thie normalisatioh made possible'by the simule
taneous photon-counting procedure was only valid if the. 01
- line with sxde—on intensity I and the other Iine with
end—op_iqtensity IL or I£ had the common level whose

C

density N was being measured.
. - :

(d)‘ Wavelength Resolution

.- spectrophotometric problem 1nvolved
in ‘thi ; at.of resolving-the line of interest

; for an. accurate measurement of its in=

~ adequat

‘tensity. }rove the resolution thq slits were -
narroﬁedig ,hen the. slit widths were reduced,~t§g
. incident j ;ion on the detector was also reduced in f

the square o£ the slit opening, resulting
.inva:louen Wgnal to-noise ratio. To compensate for this
loss in siv‘el power the gain in the syutem was incrensed
) ;which, in turn raised the noise levnl propofﬁionately”A‘,“f75
A longer countinq tﬂhe (ox photomultiplier-coolinq) wul
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then requifed to maintain photometric accuracy.
i However, even under optinum tesolution, the
line of intefest could be found to oveflap the wing of
a neighbouriné line or band, as illustrated byithe
sulphur line A1782 A and the CO band A1776 A in Fig.‘S-G.
When the wavelength drive was at the position
‘P in this figure;.the'intensity measnred tntough the
spectrometer e;it would be thet due to the sum of the
peak‘intensity of SI 1782 i and pa:t'df the CO 1776 i
band that was overlapped in that waveband. To deduce the
contfibutién\frem the CO band,,e conputer'technique using
the Lagranéian interpolation method, was’applied, in;
vthis'metheﬁ, severa;.points at uniformly spaced!intervale
on the slope AB of the CO bandfnere first ebtained %Yf‘

photon-counting while'the-wavelength~of thenspectrometer_”

was being driven by a stepping motor or manually. A'best-‘

fit polynomlal functlon was then. computed and the point 0

- on the slope AB, i.e. the intensity-value contributed by

the CO band at ‘that p031t10n was interpolated »The.true-

peak - 1ntensxty of S1 1782 A was thus obtalned by subtrac- ‘fi

) ¢

tlon .

P
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co 1776

7

SI 1782

<

. .
P
. . ~ .
. . PR
|
M . » N

_ - S T S W S
The pen-chart profiles of SI 1782 A and €O 1776 A
from an optimumJk:ypton—sh;phur'digcharge:mixture. _
The intensity contribution from the CO band at the

‘point 0 was computed by using the Lagrange -

Interpolation Method. -
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‘5.4 AGeometricalaLimitations

Unlike the case for allowed lines, fOrbidden
A-coefficients cannot be measured‘by the beam-foil tech-
nique since the mean lifetime of a metastable level is
about l0° times that of a 1eve1’in the allowed case; |
atoms would have to travel in a tube‘IO’ cm‘(i.e.‘1000 km)
before showing a decreasing intensity of light! On the
other hand time~ resolution and other problems associated
with the beam—foxl‘technique need not be taken into ac-
count here. Nevertherless, e pgths followed by the
forbidden radiation 'in this experiment;were under certain

R

geometrical 11mitations which are described as follows.

. since the solid angle subtended by the Spex slit area on

%every point of the observed source ‘was 1ncluded in the
absolute intensity calculation, then during the intensity
measurements, not only should the slit be completely _

illuminated over its surface area, but all the light paps-

, SRS

ing throughﬂglgmust also be recorded - To verify this,'
er the illumination condition illustrated in--

let us cons
Fig. 5-7, which shows the Spex’ collimator mirror &h)ﬁtn
section and (b) in elevation.' Of the light which- enteéed
the:. spectrometer through the slit, only that part intor—
cepted by - the collimating mirror would rotlect into tho
‘plane grating and the- canera mirror (npt shown in Pig. 5-73;5#
Any light be ams which were outside the cone uhout bano waa

ﬁ - B |
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\ » ,
the collimator mir}br aperture AA' would not be recorded,

s
ps

In case (a),»the‘slit (= 100 u) was narrow in
comparison with the collimator aperture (= 6.25 cm) or
the discharge width (= 7 cm); the elit width was therefore
neglected The perected aperture on the collimator from
the dlscharge source c6uld then be shown to be about
4 2 cm. i.e. smaller than the collimator aperture AA .

Thus, no loss of, light would occur in caae (a)

" In ‘the vertical case (b) it should be again
ascertained that the projected aperture on the collimator
was less than Ar'. . By applying the theorem on the geo- -

metrically sxmrlar triangles inVOIV€9f,;he following

s

.

results were obtained: o E {
‘Projected Aperture 'frojected Aperture
Sé;t gﬁig:t on the Plane Mirror. |[on the collimating’
PP inem - 1 mirror CC in om
| 2.50 | {“ 5.0 ¢
3.0 : 2,86 .1 _s,p.
400 l. A 3.58 ';' l"“ . h N 8 o
4.5 1 3.96 | 8.0
5.0 S o430 0. o .

A slit helght of 2, 5 cm and an auxilliary plane mirror uhieh

was larger than 2.5 cm were uaed so aa to enlux‘ that 111

 the light from the obqerved souroe were 1nduod‘a01”eeﬁtdf”i

 Table v-1."cqomettica1_11mltatioﬁu”for‘the-rSﬁék*}éy&témé'f

e geometrical lnitatios described sove were
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& \
élso applied to the iilumination condiﬁioné throuéh'the‘
McPherson slit. Howéver; he;é it,was‘not only necessafy
to'ascertaih that all the light coming end-on'from.the
discharge and through the slit waélreéorded, but that
the condition satiéfying equaﬁion (4-25) wés alsb takeh'
into account. With the COllimator (i.e. tﬁe C6ncave . |

grétiﬁg)'masked to 5.5 cm.in;width,!ﬁ slit height of (\\\*;

2 mm and a slit width of 50 microns were then found

app:opriaté-in_satiéfying-thesé requirements. .



CHAPTER VI

'RESULTS AND DISCUSSION

6.1 General Remarks: S . A R ;

- To date the status of ‘our knowledge of allowed._ﬁ .
or forbidden transition probabilities is considered as :
being far from ideal The only transition probabilities,
known with a high degree of accuracy ‘are thoae available
for allowed lines of hydrogen and hydxogen—like ions and
'.for some helium lines. Even for the allowed Arcoefficient (
| the measurement techniques are quite complicated end

| laborious, and it has proved to be very diffieult to ob-
«itain accuracies of 10 pexrcent or better.;. | e
» Most of the allowedmn- and f-values have been

obtained from measurements of the intensities of upectral
~11nes which are emitted from a source under kndwn condi- :
'tions The sources are uaually nigh-current atabilized »i
_'arcs and to a lesser extent, ehock-tubes. Neny uncer— EJ
,‘tainties are involved in these methoda, the nain ones

" being’ from ‘the condition of local theml iequili.brium (“M‘B) Co

" in. the 1ight source, which should he satitfied’in the

jdetermination of the state pbpulation, and frﬁmrtho.deaixb

ing effect of the arc.. There exist- alsoing,ﬂ‘” ”
- -»tthe usual discrepancﬁes caund by the S

!

N
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A dard light sburces;~the ihtehsitYQCOntributions in the
line-wings and self-absorption. ‘Errors of 20-tok50
percent are not unexpected from these experiu-nts.

The A—value of some allowed lines. may also be
derlved*by a dlrect measurement of the llfetime of 1ts
. upper state Llfetlme measurements involve the delayed
colnc1dence and phase shift techniques, the Hahle effect
and the beam-f01l technique. The s0urces of error are
Afewer in these methods, the main ones being attributed
to radiative cascadlng, and insufficient spectral resolu-
dtlon for the detection of the radiatxon. Radiation trap—‘
.plng and c011131onal depopulation of a level may also '
1ntroduce some discrepancies.' Errors involved in these
experlments can be much lower than those of the line
emlsslon experlmehts.‘

As for forb:.dden lines whzch are ‘generally notf:_'{

easy to produce in the laboratory, previous experimenttl

- '*, work on them dealt maxnly with techniquee for thei pta~f‘§:fj*7

P 'the first three np elements (Oxygﬂa
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several previous data were also obtained - (Mc 27* Ve 34

and Ca 56) for 01, (To 60 and Mc 68) for SI and (Rq 34)

"for Sel. However to date one of the most important

- characteristics of these forbidden 11nes - their absolutea .

transitlon probabillty - has recelved little'experlmentalle'

_attentlon,‘although in some cases ‘relative A»values ‘have

- been measured (Mc 66 68) In fact, until recently, the
solute A-value of the green auroral llne IOI] 5577 A

has been the sole one measured (Mc 69) Corhey and '

.wllllams (Co 72) measured the lifetime of tha oxygen

metastable (qround) ‘state 2p‘ lS which in turn, yields o

the sum of the A-values of [011)5577 A and IOI] 2972 A |

Omholt also measured the 1ifetime of the metastable states

2p* 54 and 2p“ 1D of oxygan from his experiments on". the

‘green and red auroral lines reapactivply !et ') mgne,'ff&ﬂ*uf




133

the e:rofs.as do the experiments.. - ‘
The aforementloned facts repgesent on the whole
‘a great challenge for the experimentalists, which, it is
hoped‘ has been at least partially answered In this |
: »chapter, the data and analyses for each of the three np
elements studied and the flnal results derlved are . report-
‘.ed. (The block dlagram for the - overall experlmental set- -

up is as. shown in- Fig. 3 la ).

2

" " OXYGEN RESULTS

6 2 The spectra - .

. L ‘;- The foxbiddan and allowed 1ines of atomic oxyqen,'l
that were investigated in. this project, are illuatrated in _

_ the simplified temm scheme shown in rig 6 -1, The proca- ff,”J'

_ dures discusped in the previous chaptnr were applied to"lf”

;. these lines accordingly, thus the Arvalue of OI 5577 A was

o kx

tion.f &nalagously, thn A-value ot



” . 5 ’ '-‘.
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1 have not been employed because the LiF window on

.the discharge tube'cuts off‘at 1050 3;. Thecabscrpticn
experiment was also carrled out on the OI resonance lines

at AA1302 1305 and 1306 A to determlne the atomic densxf

ties of the 2p" ’Popl,z_states respectively,, As for the

' forbidden or lines'at AA2972 and 6354 i}“their”A;vglaes'

were obtained by simply measuring their intens1ties rel-va'_&\s;
atlve to those at AA5577 and OI 6300 A resgectivaly, since e
these palrs of lines have common upper (parent) 1evels

AAZp“ lSo and Zp" 1D respectively. .

6.3 Results and Analysis on the Forbidden OI Lines at

AAS577 A and 2972 A R ;} ‘le"vﬂ"':;}", f:“ S
(a) Laboratory Production of 5011 5577 A | | '

This forbidden 11ne was first of all obtained 'T§?
Wsteadxly to an extent’!hat was. photoelectrically nbaa' e

able when viewed side-on from a,paxticularf

| ume and situated at dbout 90 em augy‘gzomgehg dipactromet
J éslit | To achieve xt, a11 thg PIOGCanil :
-A.described 1n section 5 1 on tha ':f PREEE

';tion of rorbidden Lines'



ing voltage of about 6000 volts.were used . throughout

all the experiQents in the excltation of the green forbid-'f
den line. The pressure ranges used jn the mixture were -

0.020 torr to 0.100 torr for oxygen end 15 to 25,torr,£or~ﬁ
helium. o o - .

_ An upper 1imit of 0. 100 torr on the partial :fbje;,
press_re of oxygen and a 1ower limit of 15 torr on thet B

: \
ere chosen because outside theee 1imita thg

of hellum

d1scharge became cored whereby the 1ntensitiea of thc_r

;ntensxty measurements of the ultraviolet OI lines

forbldden 11ne viewed slde-on and ultraviolet 11ne,:'“'
v1ewed end—on/would be affected - a reault which is in

agreement to previoue experiuente (Ke 68) made on tho

UA11152 1218 and 1302,( 6 A: in a aimilar typq of di.“é ;¥1‘¢.~

»charge these lingt were founﬁ to pe’k‘in intunnityiuh'
'the partial pressure of oxygen uued was 0. 10’“to"’
‘"Fiq 6 2a shows the spectral scannot the reqlon apoun

_the green auroral 1ine from a-’.-;'-"*

wex- fomd which part
as. ehown 1n Pig. S-ZbQ

0
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pressure af helium to that of oxygen is > 250 1, the
oxygen and 1mpurity molecules would compete with the
metastahle'*S>oxygen atoms for- excitation by energetic :
electrons. However, this degree of excitation was found
to be less for the: molecules than for the metagtable 'S
atoms because when the current through the discharge
was decreased from 90 to 60 ™A, the intensity of the
green auroral 11ne was found to diminish by a larger ‘
.factor-(> 2) than that (= l,S);of the~0,.band‘i5577oh. '
- (b) Atomic Proceazes Involved in the Production of the -

|
' Due to the fact that the. chemical composition‘

Metastableg( 8) Atoms T e
of the upper atmosphere can alter aiqnificantly or even f”
radically by a’ number of processes such es photochaM1cal‘
| ”ieactions, recombination proceasea, mixinq, diffulion .
, _fand intrueion of extraterrestrial particlei\ raaearch ﬁ
efforts in these areas heve increesed end cor\uiderable
"»advances have since beenwmade in our knowleiba of the :

- various properties of the upper atmosphehf'fﬁbahoratoxy5w?“¢};ﬂ:
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(i) Previous Work
| | So far, nQ standard methodology exists in the
1nvestlgatlon of the chemlcal processes that are assumed
to be, taking place in the production of the metastable
o(!s) atoms and. the correspondlng forbldden lines [OI]
5577 A and IOI] 2972 A However, the analysis used by}'f
Watadani (Wa 72) and’ Emeleus (Em 39)‘on the 1aboratory
'emission of OI 5577 A are worthy ofinention. Watadani -
:.pclaimed that the follow1ng prdcesses took place in thej‘

productlon of the green line: - ' 3

At flrst, ground stage Xenon atoms, Xe( S ), werep

N . :
excited by chllis;ons w1th electrons- .
Xe(S) + e(v') > Xe" + e - e-)

' The excited state Xe" would, in tur excite ground state

, e
02(X' zg)' _ - ‘ | .

KeY + "o-(x T xe'\ + o, "(ia. "AQ‘)'-_:' '(*5-.2)
vwhere Xe" > Xe' > Xe ( P ) 2 Xe tastable state (-8 31 eV);,;'L

"~ Then the excited mOlecular state 0 1A ), shown in

Flg. 6-3, would take up. the energy transferred from S
metastable Xe atoms (already present) for itl dﬁfuqbia- e

v ]
.

-

tlon: . | ‘
xe® ‘P )+ 0, (a B g xe( 8y + 0(‘p> +o(! 8 (6-3)

8.3l eV + 0.97 e_v 0.0 eV + 0.087 4. e Z

T4 D.E. (m5.28V) o
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Finally, - o S)//,,,O( D) + hv (A5577 A) v(6—4o)

o TS P) + hv (A2972 A) (6-4b)
With the dissociation onergy fb;E.) of O2 being 5.12 eV,
equation§(6—3) is thus-satisfied'bnergetically, i-e
quantal refonance exists. here.. However, Watad%nl did not
point out two v1olatlons in this equatlon, whlch are the
‘folloylng (1) o('a ), being a slnqlet,:cannot be formod
by the combination of a singlet oﬁd a tripi!gk( 's + 'p),
the Wigner-Witmer spin—conservation rule (section 4. 1)
vdlsallows thls (2) S and P states oan combine to yleld
at most a L or.a Il molecular state but not’ a A state.

As for the mechanism put forward by Emeleus,

»

it is as follows,- in the case. where argon was ‘used as the

.ibgffer gas:
Metastable argon atoms, first of all, transferred.
energy to.the ground statevo , (X 32”)§ o
Ar* (’p ) + 0, (X L7y + ar(’s) +0,'(2)  (6-5)

s
‘ excited

=--ZL11.55.¢‘=V | Q eV 0 eV | unknown:
The unknown éxcited'moléculér'state 0 '(?)JWOQld then

' dissociate Spontaneously as followsu
] -

o(}! 5) + o('P) + 2.2 eV S (s—sa)
(?)/"
“~»e( S) +: o( n) +0.3 eV S (s-sb)

Qr

And through spontaneous radiation,w
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TN

08T + Y (A5577 A) . (6-7a)
v

o('s) _
T o(? P) + hv (32972 A) (6-7b)

Then Emeleus claimed that the .choice of\the excited state -

2(?) must be such that, energetically,

9.30 eV < 0,'(?) < Ar*(’p,) - (6-8)
However, it can be noted here that for quantal'reaonance
in equation (6-5) and as implied in equations.(ﬁesa &« b),
the energy of‘O '(?) must be 11.55 eV ‘which contradicts
equation‘(s-s)' -So again here, as in Watadani 8 proce-
dure, there are some doubts cast on whether the correct

production mechanisms of the green forbidden line have N

‘been put forward.

(ii) Present Prgposxtion for the Production Mechanism

of o(! S) Atoms and the Correspondi ng ?orhidden Lines - '

For the present case, in which helium was uaed
as the buffer gas, the proposed mechanilm is aa tollows:v-
First of all ground state helium atoms, HO( 8),

were excited by some energetic electrons~

He('S) + e(v') ~ He" + e(v-) \‘5'71. (6-9)

The excited He" would then excite ‘the ground ututo fj:'

.molecule.

He" + 0, (X ”‘255 +H' 4 0,'(x2) . (6-10)
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where He" > He' > He*('s,) = metastable state (= 19.81 eV)
‘Then, through spontaneous radiation,
He' + He*(’s,) + hv (He lines)’ " (6=11)
and, through photodissociation,

0, /,o(‘s)<+ 0(%P) + K.E. (6-12a) .

(x?) + hv S
| o} s) + 0('D) + x E. (6-12b)
Thus, from equatlons (6- 12a) and (6 12b), 1t can be deduced
that the potential curve(s) of the unknown molecular
state(s) O, '(x) would have an asymptotic level (dissocia-_
tion limit) at 9.30 eV for ('S '+ °P) or 11 27 eV for
‘(*s+ D). . K - = ' |

To find the unknOWn state(s) X whose dissocia-

tlon products are (! S + D),_the Wigner»Witmer and the
ordinary Selection rules were first,considerodr After such~
,considerationo it was found'that ohlyithe~tf§ngitions to
the 'A_ and ‘N, would be allowed from the a '3 ground |
_state., In fact in ;968 Alberti et al (Al 68) identiéiod‘ .
t.hei(‘Il -'a lA ) and the (! A - a. ‘A o trannitiom, with
strong band heads at 1229 A (= 11.06 eV) AQd 12(3 8 f\

(= 10. 89 ev) respecti ely, both lying enexqutically vory
:,}near and ‘above the dissocfation linit (Il 27 oV) ﬁcr
(‘s +“D) Thn energy diffotonce ia only o 77 ov !or tho ;
continuum maximum at 11229 A and 0 60 ov tor that at 12‘& i'i::

~ Both upper statet ( Ay and ’n ) wcrc alao £ound to bﬁ

- T _l -4
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perturbed, i.e. unstable. From the aforementidnéd facts .
and épplying.Franck~Cohdon prin‘ciple;r (Ga 68), it can bei .f

seen that the potential curves of these two states wonld

- each have a shallow minimum whlch is. asymptotic at 11 27 ev
~( S + 1D) These states (! A and n ) are illustrated at

the top of Flg 6-3. Equatlon (6 12b) can then be filled up

-

as follows:
- . .
Through photodlssociatxon of the unstable atates
‘4, and in, | R
0,10, + hy 01 81+ 0( B) +. x z (6-13a) .
T o, (n ) ¥ hy » 0(3 s) + 0( 'p) +K, E. ~*:f(6413bi'"'
Now, to fmd the unknown state (s) whose diaaocia-
tlon products are (! S + °P), the Wignar—ﬁltmer and tﬁe
ordlnary Selection rules should ugain be conaidcnd. Aftcr*ﬁ |
such consideratlons, 1t was found that only tha tranyition f 
to the would be allowed from thc 'z qround :tate. In

fact Tanaka (Ta 52) zdentified thm di:tinet oontinum

‘ﬂ at A1290 A, A1334.A and 11349 5 O£ thon: thrin f

maxima the longast one- (1349 A R 19 QV)'I ;_ ;;?;;

"‘Ei,\céo ing t.o the rranck-c:ondon pxiacipl
able transition is that going up wrticu y
of thil lawe potcntial cum (hem for L
at r ). o _ A oo
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olortors)

,o(‘m-:- oty 1%

-of’m +0( D)

or’p)+ oty |

O‘EP’*’o{ S
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eenergetlcally Qery near the dlssoc1atlon limlt 9. 00 eV
| (! D + ‘D), and the rema;nlng two (1334 A = 9, 29 eV and
1290 A = 9.61 eV) are very near *the dissoczation lbmit
9. 30 ev {!s +- 3P) Thus the latter differs from the
energy "of ‘the maximug intenSLty of. the 1334 A continuum  ;ff AR
"by (- 0.01 eV), to that of 1290 A by 0. 31 eV and to that d
of 1349 A ‘X,“ 0:1l ev). | S

; The uppermost 1290 K OOntinuum maximum was

» also found. to merge into the tail of the so-called

"lqngest band" (1244 A) at a certain prepsure ohtained

related to thls maximnm was hanceforthqpnnuidnred as the -e“f;':j-'
'most unstable of the three and was téntatively usigned o
mewam‘u 'nf'fgfw_f k,,,.‘" N

Thus, the unstable natu:e of the {n atdte ana _f*'

. -/
the Small energy difference beeween the _di’uot:iation

_,minimum which is asymptotic at "_;’9‘
i~other continuum at 1343 3 and.1375
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data published py Krupenlc (Kr 72):‘1n fact from ‘the
above ana1y51s, it’ can be deduced that ’H would lie f;_ 
between ‘;: andv‘Ag;~ It is assigned a type D here, so |
, as to dlstznguish 1£ from the other ’H (which is prob-_ ;
’ably of type c) shown at tha centre ‘of Fig. 6 -3, Equa—j
tion (6 12a) can then be filledﬁ%b a8 follows& - . | B

' Th:bugh gmotodissociation of tAe unatable D ’n L‘j.:e;‘;e.fe

state, _ oo . coo
"(’n )+ hv - 0(13) +‘b('P) + é E. ce-laif'
fFlnally, the fo:bidden linea at AASS?? and 2972 A ara

produced through SPOHtaneous radlation of the metastablg = “f"ﬁ .
o} S) atoms, ‘a8 described in eqpations (6 7a) and (6-1b)

‘(il}) Other Poslible Mechanisma |
R " ahould be natcd_harc that _ehe’ mani:

. »described abova gava the

ithat were tried.‘ SQme unsucccss

19 81 aV 0 eV

t

Since the energy ditflsaacefo '

R (6—15) is about 15 63 ev, it.dut
able that o(’s) atom ‘could have besn
N citing the ground atute;“__

'atoms. f’y L
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(2) - He(!S) + e(v') » He' + e(v") " (6-16)
' o e
He' + o°(x3-):")- + aew(‘s) +0(°p) +‘o<‘$>' . (6-17)

Here,_for energy resonance in equatlons (6 16) and

(6~ 17), the exc1ted He“'atOMS must be of the order of

" the dlssocxation llmit ( S +o’b), i e. 9. 27 ev This

is not. possxble sznce the lowest excited level of He is
“'that of He (3S ) Wthh 1s 19 81 eV.

I ] |  ‘ He ( 5) + e(V ) * BE" + e(V”) o te-1ey
H"‘—" +0, 0‘ ’2 ) * He w o (a ‘A ) o (6-19)

whére'g,;ﬂ_ o He" > Hé' g ae (’s )

He‘ ¥ “e*(‘s )+ By um nm) ._."*"ea-aa);_'f -
, ‘;°*‘ 5,0 +0,'(a ‘4 ) +°ke( '8) + 0(’p1 + o( 8) (6-21):_'.."/
- ,.!'5 19‘.3 eV o 97 QV : 0 QV o 9&27 eV . -
 'AB can be seen here, equation (6 21) is not :atisfigd

‘energetically.,\ a*_

IO He"(’s ) +0, (X 31: ) + He + o '(’n 3 o tes22)

1}. 55 eV . 0 eV
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(5) He(S)+0(x 1) > He' +'0,! (A) "~-.(5=,z4)

‘11.55 ev OeVA j‘ ? _e;v,' 11.06 ey * R

0,' ('a) + hv +0('s) .+ ot'p) (6 25)

'Here equation (6-24). cannot béﬁsatisfled energetically._

(6) ’He(5)+o(x’x)*ue +0, (’n) cszs)
.55 ev OaV '”;;'? 10 89 evi R

.‘,

(‘m )+ hv. > o} S) + 0( o ms-zv)
Agaln here, equation (6- 26) cannot be satiafied.enerqhtically._‘Qf

L

w“'.‘w . .

u(iv) Productmen Thro Hh‘Dirnct 0011islona»W'th'Elactrcns,_'-'h

Among the possible production mecﬂanismu of the ff*-h=!z'
0( s) atoms it was found that the most'pigpable one w%pld

.vland ground state atoms and/or mo{eculas:

l - ."

s o( P) + e(v') > o( s; + -e-' ""d g-28)s - -

;irlg. 6~ 4a0 Also aa dapiei duby t
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(v) Production through “Cascade‘ Transitions - i

S

Another possible populating proceas for the - 8
o S) state was through the cascading -of such tranaitionlg o
as OI 1218 A. However thrbugh a particular range of S ,
"oxygen partial pressures the cascading of 1218 A turned
out to be a depopulating process, as indicated in |
Table vI- 1 | In this tqble through an increase of OXygen’f |
'partial pressure from 0. 02 to 0 10 torr, the intensity of:' e v‘*;_
OI 1218 A would 1ncrease while, at the same tims, OI 5}77 A-“ o
~ would be decreasing This paradox may indicate that thc
“4d1ffusion and collision processes, which also controlledf |
' the populating and deactivatinglprocasses for the metasta-”tf
ble 1s state.were/playing a greater rola than the caacadinggf~7?5i'
“'of transitions into that state.‘ Actually. aa the donsity | |
’of the ls state was incrsased it would redu%g tho cascnd~}i‘éiﬁ?3{f
ing and thus the intensity Gf 1218 A. !nd wbﬁld simuitne i

"_neously increase spontanebus trahsition from Lteele

,'fﬂ5577 A would then incraase in 1ntenﬂitx.l Thul undhr'ij o
:_given discharge condition, the dhnlity of theé metastable -

f‘s state would be quantitativsly connocted to'thn:int
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- (c) 011218A - - I
A problem encountered ‘during the inten81ty
measurements of 1218 A was the fact that thls line 15,
Very close to the ever-present hydrogen 1mpur1ty line
- Lyman a at 1216 A.. To solve this problem it was. found
. necessary to measure the 1ntensity of o1 1218 A in the
.. secpnd order, as 13 1llustrated 1n Fig., 6-5. Since only
o ;elative lnten31ty measurements of tHis line were under-
‘ 'taken, any dlminlshed 1nten51ty 1ncurred from the mea- ;"
J“surements in- the second order would be cancelled out._'»‘
. : Furthermore, there was another possible problem |
‘v>ln the 1ntensxty measurements of OI 1218 A. stemmlng fxom ,l”°"';':
:1" e molecular absoxption in the ultraviolet._ Fortunataly,-b/ie{";
“kfas 1s well-known, thexe xs a deep window” 1n the mole-’t,':
cular absorption spectrum of oxyqen ut the rugion next to

‘17* Lyman a. Actually. the molecular absorption‘cocfficient '

;Q‘(k ) at 1213 A a8 derivad from Fig. B‘of ﬁa;
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01

r4216A

1218A fJ

Lyman a

J U

- FirSt-brder .

12181\

| Lyman a

121864

:-;L;;:;;“

~ Second Order

-~ Fig. 6-5.  Resol
S 1216
.~(8ensi§iyity-

xtxon of oI 1218 A from Lyman “', “

First Order 1 uA and's V e
- Second Order Bad O l uk and‘s V)'-;

N
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total of 50 times, the runs being taken with total *

pressures of 15, 20.and 25 torr (helium was used as the
buffefbgas)'while'varying the oxygen parti{l pressure
with each total pressure from 0.02 to 0.10 t> r. The
results arewshown in Table VI-1.
The temperatures T, shown in column 3» were all
-obtalned by probing a thermometer into the discharge
that was uniformly . dlffuse and that satisfied the optimum
conditions discussedtin the previous chapte:. The values
of ko (column 6) for 0I.1218 A were obtained by inter-
polation from the computed graph shown in Fig 4-4 (where;-}
'L = 2,0312 and the upper limit of the integrations was
|w| = 3.0). The N, -values, obtained from equation (4 45),
were first obtained by using the f—value of oI 1218 A as ;
taken from the work of ott (ot 71), i.e. f = 0, 13 and |
then making the following substitutions (all in. c.g 8.
‘units): e = 4,803 x 10" ‘9 e.s. u.; m= 9,11 x 10“' gmxl _'T
c = 3, o x 1o*° cm/sec; M =32, anghg = 8,31 ¥ 10’ erq:/

',mole °K The values of (C /c ) in the last but one -{ o

column were. then obtained by making the following substi- -

'tion in equation (4-45): r = 1. 25 cm;y L' =7, o om.
E(5577 A) = 4. 75 xelo’ ergs/steradian-mioron-omz-seox
(obtained by multiplying\the\valua for 15577 A in Tablo
IV-Z by 1o‘» a = 4.427 x 10'1
T B \\<1

em; (dF/dL)2 =0, 97 x =5, 577 x 10" cm,‘hi\a\l\hj_x 10
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w

and'T = 0.99. Finally, the A—velues in the last column,
were obtained by substltutlng the N, - and the {(C, /C )-

values into equatlon (4-44), which turned out to be the

following:

A(5577 R = (2'35 )(gﬁ) x 10° sec™!
ko vT/ V7L | o0

The mean‘A-velue of_OI'5557 i wesvthus found

to be 1.06 sec™!, with a'standard deviation 0+ of 0,13,

The standard~deuiation'was; in'fact;'well Within‘the:total‘

experimental errqr whieh will.be diecussed'leter in this

chapter. . - o D .

(e) Error Estlmation for A(5577 A)

The major source of error in this experiment
1nvolves the assumed f—value of OI 1218 A, which was y.
taken from Ott (ot 71). He used a wall-stabilized are :
discharge operatlng in a mlxture of argon and S;ygen, - d R
and obtalned the value 0. 12 with an . error estimated S
to be. approxlmately 123%".A (Another recent experimental
| resulf by Forsman and Clarr jFo 73) was at least 50%

smaller than other experlmental values reported, and

has not been used ld this work D

1 - : . ~
"The 'standard deviati’on "o’ -[11‘..

R | a,_
L '(x ")] where

is the number of runs and ¥ i the mean value and xi .u o
~the 1nd1vidual value obtein" * , ST



=
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. then obtaln, for each. run,v“
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_ )
The error in the temperature measurements, as exnlained
in section 5,2, had an upper limit of 15%, whlle the
1ntensmty measurements should be good to better than
+10% and finally, t58% error was allowed for the mlscel-

laneous measurements such as those on the geometricel

dimensions, etc. Thus, we estiffate an overall uncertain- .

ty §f about 130%, giving‘the result

o A(5577 A) =1.06 ¢ 0'32 sec™!
s may be/notxced here, the standard devxation of 0, 13
found in the 50 runs was well w}thln this estlmated
errer llm;t. ‘

. -

(f) Obtalnlng the f—value of oI 1218 A from the Current :

@

Results(

One of the main sources of uncertainty in'the

]

' present exper1menta1 result for A15577 A) is still in the :;;
:f-valueng QI 1218 A If we reversed the procedure, i. e._
- ‘assumed the A-value (= 1. 183 sec™l) for 5577 A obtalned .
‘through the NCMET calculatlon of Nicolaides et al (Ni 71), »

and substltuted it in the: current meaeuremente, we. would T

(6 54 x Lo") k JT
'(CF/CL)x;‘

‘The resulting mean f-value ofOI 1218 A is-then 0,134 + -
10.013, as-compared to 0.120 and 0.051 obtained experimsn- /
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tally by Ott (Ot 71) and Forsman and Clark (Fo 73)

respectively.

(g) The Absolute Tran81t10n Probability of the Porbidden

Oxygen Line at A2972 A

Slnce the forblhden lines of oxygen at 2972 A
and 5577 A have ‘the same upper state (? S ),one can obtain
the ratio of thelr A—coeff1c1ents by comparlng their |
1nten51t1es under the s ame overall condltions (see equa—
:tlon.4—39) » | ; f B
The [OI] 2972 A llne (known es the transauroral

;

‘line) was too weak to observe 81de-on from the discharg-

tube ; the 1ntensxty comparison was therefore made bg .
‘observ1ng the forbidden lines end—on, i e. with tﬁf tube r{»ifV'ifi
fxtted end-pn to the Spex monocnromator slit. However, A"‘\‘.
even when the tube was end-on, IOI] 2972 A was found to cff;f fa,:
be photoelectrrcally measurable only when the buffer gae L
used 1n the dlscharge mixture was ' argon, instead of heli-‘

f.um. Yet the transauroral 1ine was 80, weak and the séex

response and thé’photographic plate emulsion were ’°\1a"

-at that wavelength that it was. not. possible to obtaiq its

spectrogram, even after lonq expoaurea.l However, with a

cooled 9658R photomultiplier it was - found to be photo_lec_ gol"""

'_trlcally detectable. Figa. 6 6a & b illustrate the #IQ:fiﬂ;;f_@fJL
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| : f‘ig 6~ 6, Chart-recorded spectra of {OI] 2972 and 577}
(a) Mixture- 0.2 torr 0z #-15 torr Ar (b) Mixture. 1 torr o, ff;]}
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oI 297’ {0. 3 VA& 2 V)
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were‘found to diminish in intensity eS‘the pattial pres-

\
v

sure of oxygen was 1ncreased
The Spex monochromator and detectlon system was

then callbrated at the two wavelengths (5577 and 2972 K) in
n-the follow1ng way: |

‘ The mean ‘number of oounts/sec from the standard‘lamp,
run at the calibrated current (35 amperes) and under the
‘same overall spectrophof!:ometnc condxtz.ons were first
obtalned These counts were then corrected for the back—
'ground and scatterlng llght (done by using the apprOprlate
filters) Say, then o ' '

mean counts/sec from’lamp for x5577 A i.fff C (6e30)
mean counts/sec from lamp for k2972 A Yy |

and from Table IV-2

, spectral radiance of lamBV(3S Amps ) at A§S77 A g ) '(6:31)‘
spectral radlance of 1amp (35 Amps ) at A2972 i | '

[}

. Then ’

—

Response of Spex detection system at A2972 X (g{b)fr 1

tResponse of §Q§x detection system at A§577 A (x[y)l z ‘(5 32)

—Thus a0 SR ;,;'a,,:g ! ;-;?,--

_'measured intensity of IOI] 5577 v& c(5577‘A) h x 2972
_ measured intensity of [0;4.2972}5 c<zs7z &) h x 5577

N c'(2972 K); R SR
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Then the true intensity ratio

% ‘0 ' e V ¥ , :
| L(577A) _C'(5577TA) 1 (6-34)
'1(2972 Ay c'(2972 R) 2

The values of C'(A) obtalned by photon-A
:pounting, the peaks of the two photon- countlng proflles‘
£hrough the same slit w1dth7wer§ qompared,.and thevcomj
’pafisoh Waé repeated several times,:each}wiﬁh a mixﬁu:el

- of dlfferent argon or oxygen partial pressures.‘ The"‘

'photon- countlng profiles of [oxl 5577 A and (01} 2972 A

‘ s

for one of those mixtures are lllustrated in Fig. 5-5,-
Y ‘ . R ' -

and'the’resultglare'shown-in‘Table vxfz;

SN
Table VI+2. Results, for the true intensity rat1o -
I(5577 A)/I(2972 Ry,

-t

Mixture | C'(5577 &) | jo7 |L(SS97 &) [, A(5577 &)
Number | cv(ag72 A)  |z(2972 ) | A(2972 R)
1| 2.81 231 | Zt 7,‘”1- IR BT
2 | 2,85 - | 23,5 |
3 | 2A3‘_'-4M1;, ﬂﬂflJ~Qf
VU N P T I | _45 s |
5 .} 2.70 | 22,2 | g IR

7 g
T

In this table the values shown in the third\column were -

'» ”°bta1ned bY multlplying those in the second column with

11
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'the z- value that.was obtaiped as follows.

Using the calibrated, standard lamp and equation

(6 30), it was found that .

X
= = 2565
y ‘ *
‘and from equation (6-31), - ‘ ;o
a _ g
| p = 211
so that = = 12.16

'I‘hus, as shown in the fourth column of Table: ?1“-—
~ . - <
. ééééll_él 23.7 8 1.1, RS

Mean
"A(2972 R)

However, asppreviously obteined in the present work;
. o . °’ ’ . o o ) l‘
'™ A(5577 A) = 1.06 + 0.013 sec”!.
'.A(2972 A) = 0.045.: oLboe gec-uc»
Allowing an upper limit of $10% error in the 1ntensity
' measurements, wqﬂould then obtaln B | | |

L <’, r. , ﬁf§§%§_§% = 23, 7.:»2 4:
Addmg the 110% error to the previous t30§ error estimated |
- ¥ for A(SSTI A) ), we wou,ld finally obtain | o /
| A(2972 A) = 0.045 £ 0. 014 sec”

. where thc *s’caﬂd:rd deviation (:o 008) for A(2972 A) is

, Stlll within the estimated “moat probable“ error o£ 30.014,pf;f,{;:9

Due to t-he fact that [OI] 5577 A aridas trom S
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pure EQ and [01] 2972 from pure MD radiation both having

, the same upper 1S level, the constancy of. their'meesured

'ratios from mixtures of varying~pressures can but confirm

the assumption that collisionel stimulation of the 's

‘level was absent, i, e. the measured 5577 A line intensity

did in fact correspond to photons arisxng from spontane—

'»"ous emissxon only.»

_ The theoretical and experimental reSults for
the A coeff1c1ents of [o1] 5577 A and [OI] 2972 A that

have. been reported by previous workers, are listed in

Table VI—3 »-Omholt s result (Om_56) was-deduced from‘

studies on several types of rapidly changing auroras,

while the values for the ratio A(5577)/A(2972) obtained

" by LeBlanc et al (Le 66) and McConkey et al. (Mc 66)

were fromfiaboratory studies.‘ McConkey-and Kernahan
(Mc 69) measured the A-value of the grien line reliable,‘

however only to a factor of two, due mainly to a 50&

4

uncertainty at’ that tlme in the f—vaIUe of OI 1218 A. i.jA

{
The result ‘of Corney and WLlliams (Co 72) was obtained

by recording the time dependence of the-decay»of'[OI]

g p5577 A during the afterglow of a pulsed discharge in an’

1nert gas—oxygen mixtures. As for the theoretical re-‘

e

sults, the methcds used were as mentioned in section 2, 6 |

of this thesis.. |
~ | . Thus the new experj_mental determination of tha
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A coefficient of the 5577'3 is in good egreement witn_
‘the lauesr sophiséicaﬁed theoretical caIculaEion.(seea
section 2.6). Moreover, in‘obtaining a value for the
ratio A(5577)/A(2972) we find good agreement with orher
r%sults,both‘theOreticai and experimental. |

~ |
6.4 Results and AnaIYSis on the Forbidden [0I] Lines

at- AA6300 and 6364 A

(a) Laboratory Production of the Red Auroral Lines .

at AA6300 and 6364 A

The: red forbidden lines: at AA6300 ‘and 6364 A
- were produced in a 31m11ar way to the green ﬁo;bidden -

line, except that here it was.necessary to use a igher

. partial oressure of oxygen (thus a nigher-prob ity

: of.bringing up a "cored" discharge) endjargon hed-tO'be'd
used as the buffer gas 1n the discharge mixture - they did-
'not show up in mixtures using helium as a buffen. Futher"

" more, the red [OI] 11ne at A6300 A was '’ found to be pro- ‘
duced to an extent that was photoelectrically measurable
only in a restricted number of mixture compositions, and-
that was only for conditions of an' optimum dishcarge“ |

}.mwhere the molecular oxygen and impurity bands w re absent. o

’Figs 6 7a &b 1lbustrate an example of how red [OI]

i%e at A6300 A appearing in a certain type of mixture }

(1 5 torr of oxygen gnd 30 torr of argon), would simply
o
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~

[01] 6300

' AT 6369

&

. Arl 6297

AT 6307

&

Fig. 6-7. The red forbldden lines were: '
(a) present in a mixture of 1.5 torr of oxygen
and 80 torr of argon.
(b) absent in a mixture of 2, 0 torr of oxygen
' and . 20 torr of argon
)
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dissappear in another mixture of different composition
(20 torr oxygeﬁ\and 15 torr of argon). Atso, in .
Fig. 6-7a, both [OT] 6300 and 6364 A showed up while

Ari 6927:end 6307 ; were absent, whereas in Fig, 6—7b,
the reverse effeet occurred. Thes, unlike the'green
line, we were restricted to runs uéing oxygen partial
ptessures of 1.25 torr or 1.50 torr, and argon pressu;es

‘of 25, 30 and 35 torr. Through each discharge a current.

‘of 90 mA and a p.d.' of about‘6000’volts'we5F used.

(b) Processes Involved in the Production of the Metasta-

ble 0(!D) Atoms and the Red Forbidden Lines

»

The same meehanism as that conéidered in section
6.2(b) can be proposed to explkln the productlon of the
metastable’ O('D) atoms.' Thus, here we can replace He by
Ar throughout equations (6 9) to (6 13) which would rep-'v
resent one of the main processes by whlch o 3) dtoms are

rproduced.’

l
1

Another main productlon process for the O( D)
- " atoms is represented by equation (6 -13) wlth X being&aub—

st;tuted by the B ’I7 state (see Fig.v6-3):

O(B*’X)+hv+0(P)+O(D)+KE m

(dlssoc1at10n limit = 7 08 eV)

The (B ?2; - x 'z” ) transition is the well-known Shnmann~

\' '

..
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Range system whose contfnoum;ané}ﬁbsorption bands have
been obsetved quite a lonag time ago (Fﬁ“zs, Le 26l, with
the contiohum maximum situated at about 1750 A. The
most accurete converyence (theoretical) limit for the.
system was ‘actually determined by Brix and Herzberg

(Br 54)‘andafou5doto be.57128 ¢ 5 cm ' or 7.08 eV.

There is also ‘a dissociation continuum maximum
at A1349 A (2 9.19 eV) which is just above the dissocia-
tion limit at 9.00 eV ('D + 'D) (see Fig. 6-3). This
’would suggest the exlstence of an unknown, unstable state'
x with a dissociation flmlt ('D + 'D) at 9.00 ev. Photo-

dlssoc1atlon of this unstable state would yield a further

amount of 0(!D) atoms: ' <T’
;X)) +hv > D+ ‘D4 KE. ‘16-35)'

Barrow and Parcq (Ba 68) and Carleer and Colin (Ca 70)
observed af ‘A - a\lA ,,,,, band system~iﬁ‘§590rptlon for
sulphur molecules whereby they establish that the disso-'

. ciation products of f lA should be necessarily (! D’+ ’D),“

This reswult would suggett that the unknown state x in

- .

equatlon (6~ 35)'may also be f 1A a’! 89 that a f ‘A - a.‘Ag}
£ ’

"~ band system in absorption 1n oxygen molecules would also

exist _However, no literature on such a band dystem for ?
Y - -
‘oxygen exists yet.} The assxgnment of this state (£ ‘A )

-as shown in Flg 6- 3 is therefore tentative here. ‘

7
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Production by Direct Collisions with Electrons

Again here, it was found that the most
orobable mechanisms for the 'D atoms would be  through S\
dlrect collisions between energe51c electrons and ‘ground
state atoms and/or molecules:

0(°P) + e(v') » 0('D) + e(v")
| 0, (X 329) +_$(v3) - 0(5?) +HO(JD) + e(v"ih
Thus' the density of the metasteble 'p ‘atoms or the
intensity of the red forbldden llne 16300 A was agaln
found to be dlrectly proportlonal to the electric current
supplied to the discharge nixture (see Figs. 6-8a & b).

| 8
() OI 1152 A -

Like the oxygen llne at 1218 A that at 1152 A
was found to 1ncrease in 1nten51ty thh the oxygen_ o ;
part1a1 pressure whlle at . the same time the intenSLty of
the forbidden line at 6300 A would be decreasing, thus
, 1nd1cat1ng the same connection between the den81ty of the;

"D state with the line xnten31t1es of A1152 A and A6300 A

as that between the density of the lS state and the line o

1ntensit1es of A1218 A and A5577 A

It was found necessary to

of OI 1152 15 A in the second order because it was alwayeﬁ'

blended by the oxygen moleculer bands at AllSl 46 1151 67

and 1152. 14 A These bands, shown in Fig. 6 9 were iden-‘».

)

.ure'the~intensityw~
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~ 0I 1152.15

<

— OI 1152.152 .

. . . -2. - ! T

0, 1151:462 -

%‘4 - First Order L Séc.on'd ,O“rd‘er* B

C .

Fig. €-9. Resolution of O 1157 A from o bands at’ A1151 45,
S 1151067 ang 115214 L T T R
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tified as;group (a) by Tanaka'(Ta 52) who assighed'ang
intensity ratio of 8/7 to 1(1152.14 A)/(llSl 67 A)

‘Thus, to obtain the- baseline or continuum fér or 1152. 15 A’
'(which superposed o, 1152 14 A, the peak 1nten51ty of \ 5..‘
o AllSl 67 A was measured and multiplied by 8/7
IS The greatest problem involved in the ihtensity
~-measurement of 01 1152 A was that produced by the. molecu—
lar absorption at that wavelength (there is’not an optical
’w1ndow there, unlike the case for Lyman a) i Thus a cor-

_ »rection factor due to molecular absorption has to be

',applied to the measured intensity ratioWI /I of this line.

A B P Lo ‘x'l

, .
. (d) The "Corrgction Factor" Due to Molgcular Absorgtion
. "‘*J

Unlike 1218 A, the moleoular absorptfon’of : v’gﬂli;j e

oxygen at 1152 A is not negligible. Thus, in measuring

Q

the 1nten51ty ratio (I /I ) of 1152 A, not only the atemic . i?
o absorption ccefficient (k ) but also the molecular absorp-‘ ) |

tion coefficient k (}) should be. taken into account.

l

K (A) 1s defi‘ed by Lambert Bouquer s law;\~' ao :".f, l.;;

S R "m“”‘,rqf. (635)

where-I and I are the light intensities before and after ;,J','

absorption in a path d reduped to N T P.

ui?efh: L ‘}‘_x = d x x 2%3
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The absorptionAcross section.is then obtained from k _ as

‘followsi '

: | o0 =k (W) /ng L ’(.6-38.)
whereAhO = 2.70 x l\Ol‘gfmolecules/cm3 (calIed ‘the "Loschmldt s .
number). The values of kn(A) for molecular oxygen can be _§~« A

.deduced from curves relatlng o to A, obtalned by Watanabe---
(Wa - 58), Metzer and Cook - (Me. 64) or Ogawa and Yamawakl
(0g 70)" | |
To obtaln the correctlon factor due to moleoular
absorptlon let us conslder the flux comlng out of poxnt A
of a dlscharge tube (cross sectloh a) into the monochro-
umator Sllt (see Flg. 6 10) If the flux per uni& volume w1th
;lﬂﬁno absorptlon at all were I,r then that from a volume element
| a(dx) with no absorptlon wduld be a(dx)(I ) HThen,Afrom,:g

L
T
N

 Fi§;g6-l0f_‘The'molecular~ebeOrption»péthég7ﬁ

: f o .

equatlon (6 36), the flux from volume element a(dx) after» ;}?.wﬁfﬁf,f
"¢ molecular absorptlon through a reduced length x would be

R
st *

i 5~['773-_.. B a(dx)(I ) é'km‘*’ ‘X
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Hence, tii;figx’trom the volume AC after molecular absorp-

tion is 2 - ‘
' . . LR o .
N Ly ~kp(A)« x
A (I o1, = g»a(GX)(Iu)re ~m D o
I ' ) I \
~ _ . , . .
= a(I)) (1 - exp {-kp(A)- ER}] A ‘(6-39)>
' | . P 273 | | |
where , o LR =L x 733 x‘—E— A (5-40)“
.Similarly, from.volumé.AB}.'
. ' ' ' v . . . ," . ) .
o ‘Iz)molu =va(Iu)-}l‘—vexp,{km(ﬁ?r'la}] ‘ (6-41)
. (»IIL) 1l -exp {-kp(M)- Ll .

RN

i -

mol. 1< exp {-km(X)- QR}
Now, thé flux comlng from ‘volume AC startlng at point A would
be attenuated, when it reached point D, by the same factor,

" , ¥

.exp‘{ km OR}, as that from volume AB starting at the same

pbint‘ﬁ; i.el - - }"lf B B f," . -U~] ('Vl L
o (—il'-) : at p01nt A = (f—li) * ‘at.point D = Fw . (6-43) -
.

-.However, 1f there were no absorptlon at all,

) . 7L NA h\) L L T POl VRO .

..the corrggtion factor due to mclecular abscrption

w -
>

C(P'T k“‘m’l‘ ) '(‘ )/"(m km(l).LR.z )
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Also, during the experiment, the measured ratio (I;/Iy)
included both molecular and atomic absorption. Hence,

for atomic absorption only,

()
I
SR e

meas. .

. ( IL)' ( )/l - exp {- km(k) LR} . 451-
—1 . H x — A - o
I meas. 1 /1 exp (Kg): kgd

Case for the Oxxgen "W1ndowa"

R

At ‘the’ oxygen wlndows, the molecular absorption

coefflClent k (A) = 0, so that if we evaluate equatlon (6~ 42)

accordlngly, we would obtaln i 't
- 1 - exp,{vkm(k)- LR}»
F = — SR S
-8 o e
1 —Vexp {=k, (A) - Spl B

 1 —"{.1>-"kv »l+ (ko L)‘,.....}';,'.t
AL -k £R+ (k 4 )’ ;'.'..tJ ,

R ond
'.

='LR: =

Thus, for equation (6-45), the cdrtéctipnjfaCtprfwilitthé@ibe"

LY AL a1
¢ = (5) -0 i
i.e., when kmm =0, as it is for 'bx 1218 A (km = o 3 cm").
I

'_the value Of o would be unity, 1i. e. no corraction due to fﬁ,Tﬁﬁ L

mofbcular absorptxon 13 required at this wavelength (as waa

. assumed) . = co ... B ,"I' e o . .A
. ¢ : - \ .
b ‘ -'
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(e) The Absolute Transition Probablllty of the Forbldden

[OI] Line at. A6300 A

The-“same technique as the one applled to the.

green forbldden llne in sectlon 6 2(4) was employed for
A

- .the red one at A6300 A The results’ are as shown in.

Table VI—4 . The buffer gas used was argon and the number“‘ e
-of runs was restrlcted to twelve for the reason mentloned :
prev1ously The total pressure of the gas mlﬁture was
'generally higher than that used for - the green line and a
Correspondlngly hlgher temperature was obtalned Many

‘values that were used for substztution in eguatlon (4-44)

and (4-45) for determlnthg N and Aij were the same- as .

* those for. the green 11ne, except for*the following changes
that were due to alterations“bn the t e s arrangement and

‘the wavelengths'_ L' = 8.0 o, (dF/dL)z“e 0.40, E(6300 A)-- .
7.75 x 107. ergs/steradian-micron— —sec, A = 6, 300 x 10'5cm
‘and £(1152 A) = 0.101 (:88). _The f-value at 1152 A ‘was i
obtalned in this laboratory by the beam—fbil techni?me lri§};;..

" (i 72)

To obtain the value of ko, the measured intenstty:

ratlo (IL/I2 meas was corrected for absorption by molaculart5f,n,&gpé

oxygen by using equation (6f46);t{

‘coetficient, k; (1152 A) , Wl &« iy &
of Watanabe (Wa 58) and wi’s fqums'“ eo be 32 4 cm
'as shown in the last column o* Tablg VI 4 the value ofi
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A (6300 A) would be given by

é‘ . ' »
- | o 43.25 °F
A(6300 A) = * — sec™!
s ’ . ) k c 4
[o} L
and the mean .
) o S - ' ! -
St A(6300 A) = 5.61 x 10”* ¢ 0.94 sec '

LI i . . B . r

SR e
(£) Error Estimation for A(6300 A)
TThe overallferror involﬁed here is around the

eame as thataestimated'fqr the green line, i.e. < % 30%,

¥ o - : ' C .

* .i*\‘ft were not for the additional /unceitainty introduced

Pe . L . S o ' ) ) : - e -
by H% value of the molecular absorption ky at 1152 A.

The 1atter was deduced from Watanabe s results (Wa 58)
whose degree of uncertalnty depended on the rellabZifty
bf,,hls photoelectrz.c recordings._ T?is type of uncertainty
& .genérally has an upper limxt of 10%, 80 that the overall .
errdr on- the A-value of or 6300 A would be 1331 giving |

‘the. result ; - . :

| ‘_ A(6300 A) =5, 61 t l 87 -
v ."Agam here, -the Standard deviation of £0.94, obtained in ”
‘the 12 runs, was still well within the estimated overall o

error. ' R :




180

(g) Obtaining the km-Value of Oxygen at AllSZ A from the

Current Results

The molecular absorption coefficient (kp) of
. -] R .
oxygen at Al152 A was found to be 32.4 cm™! from Watanabe's _ (‘\\

results (obtained from upper atmospheric,observations),

N . . ‘
whereas in Metzer and Cook's results (obtalned from labo-

ratory observatlons) it was found to be around 200 am” .

Such a w1de dlscrepancy can but cast doubt as to whether

the chorce of Watanabe s results in the determlnatlon of

A(6300vA) was indeed the rlght,one.; Consequently, to

ascertain that‘a reasonable choice was made, theaprocedure bj
which Table IV 4 was established was here reversed by assum-

ing initially the best available theoretrcal A—value of ; '.‘

. %
oI 6300'Ae(= 6. 29 X 10‘a : 1) , which is. the mean of those

obtalned by Garstang (Ga 51) and Yamanouchl and Horie
(Ya 52), and then substltuting it into the present measure-

ments, the k -values for each run were then computed from a .
N ? :
.program that also incorporated the correction factors<'

-

defined rn equation (6-45) or 66-46), the results being as’
\shpwn in Table VI- 5. The resulting mean km-value for oxygen‘

at 1152 A turned out to be 45, 0 cm t 7, 1y which is much SR :
. | - C
nearer to Watanabe 8 rather than Metzer and Cook's result, ' .

thus supportxng the current choice for the ﬁm~va1ue.~-'

3 . . S o . i L
’ ° * < : T
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OI 6453,4,6

ArI 6416 -

— ArI 6385

Arl 5651 —
E — 0I 6364

Green "forb." 1ine‘
I ArI 5607 —
- 0TI 5577 ¢—

ArI 5558 —

0I 5555 .
0I 5513 —— '

Arl 5496 ——

0I, Arl 5436 w01  6156,7,8

»Fig; 6-11. Photographs of the green (5577 A) and the red
~ (6300/64 R) forbidden lines of oxygen.
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. o ‘
(h) Obtaining the f-value of OI 1152 A from the Current

Results | ‘ .

-~
L]

. ' 3 ' °
TQe.most recent and accurate f-value of OI 1152 A

was found to be 0.11 t 20% in the measurements of Ott
- . LY

(0t 71) and 0.101 *+ 10% in those of Lin et al. (Li 72).

. X e
Here, assuming the mean theoretical A-value of OI 6300 A
(= 6.29 x 107’) obtainéd from the references® (Ga 31) and

(Ya 52) and substituting it into tRe current measurements,

L]
4

we would obtain, for each run, ' {.

. \ “»
ko
f = ——— x 1.47 x 10°
(CF/CL)

5

. The resulting mean value of £(1152 A) was then found to be

K ( ' | .

0.116 + 0,024,

(i) The Absolute Transition Probebility,of the Forbidden

(01] Llne at’ A6364 A S 3

cor

The two red .oxygen forbidden lines IOL] 6300 A
. .
and [0I] 6364 A Have a common parent state in 2p '‘D,, so

that, by comparing their inteneities under the same, overall
[

A

conditions one can obtaln the ratlo 'Qf thelr A coeffi 1ents.
The [OI] 6364 A llne (also known as a red auroral

line) was too weak'to observe side-on from the discharga

tube; the inten31ty comparlson was therefore carr;ed out by
observing the lines end-b6n. However, unlike the [OI] 2972 A

. : o
line the forbidden line at A6364 A could be photographed.

Y



183

The spectrogram shown in Fig. 6-11 illustrates tﬁéwgreen
(A5577 A) and the red (16300/64 A) forbidden lines, taken
on a strip of Kodak film EH—i35 and with a 45 minutes
expo§ure; the discharge mifﬁure, cénsiéting of 1.50 torr
oxygen and 30 torr argbn, was- run at a constant current
of 90 mA. ' ‘ ~

To obtain the intehsity'ratio I1{6364 25/1(6300 i)
the responae of the Spex monochromator and detection sys-
tem at these wavelengths was calibrated as explained in
section 5.3(g). The peaks'of their'photon—countgd pro-
files were compa:ed for six different afgon—bxygen mixtures.
The final results on the true intgnsity\ratio are as shown
in Table VI-6. - . |

Table VI-6. Results on the true 1ntensxty ratlo
' I(6364 &)/1(6300 A, . »

f

Mixture | ¢'(63d4 A) | I(6364 A) "~ A(6300 A)
Number * | cv (6300 K) | I(6300 K) Mean (6364 K)

1 0.331 |. 0.331

2 £ 0.329 0.329
3 0.310 | o0.319 | . - -
j - | ~ | 0.32 ¢ 0.0l
4 0.340 - 8.340 ' ,
5 0.306 | 0.306

6 | 0.315 0.315
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Since'the responses- at 6300 g'and“63é4vi'aré equal to the
extent Qhere they cannot be exactly\distinguished, their
z-value (see equatioﬁ 6—32) is therefore unity and the
vaiues in ‘the second and third}polumns‘oquable\VI-6 would

’ : Yo ' :
then be equal. We would then obtain, as denoted in the

fourth column,

< ‘\3 Q
Mean éigﬁgilﬁ

= 0.32 ¢ 0.01
. A(6300 R)

However, from the previous résult,

(5.61 ' 0.94) ¥107° sec™’

» ) ?

(1.80 + 0.36) ‘x 10”° sec?

’ . o
A(6300 A)

i}

. R
J.A(6364 A)
Allowind an upper limit of +10% error in the intensity

~

ratio measurements, we would then obtain

¥

: . ]
A(6364 A) _

0.32 + 0.03
A (6300 k) »

o«
1

Adding the ilO%,upcertéih;y to the'p;eyiéus 153% erfor'
estimated for A (6300 R); wé would finally obtain
;A(6364‘$) = (1.80 t'O,GZ).# 1b'3'seCf‘" |
.Again hére, as”fof,I(5577f/I(2972);=£heuchstancy offthe
o ratio I(6364X/I(6300) indicateénthe*absence of cqllisional-j 
 stimulation in the 'D level, i.e. the measured 6300 A line
_intehsity did correspond to photons at{gfng.ftom SQODFQne{ :]
~ous emissioh‘bnly, A S | ‘

" In Table VI-7, the compaiiéon'between.tbe varioﬁs~ E:‘ 
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. (Mc. 66)

Present work

5.61£1.871.80£0.62 0.32£0.03

\
‘ ' - . A(6364) - A(6300)+
REFERENCE ‘A(630v0),,. A(636_{) ATE A(6364)
Theoretical .
_ | : | AW
_ Condon. (Co 34) 7.5 2.5 _ 0.33 10.0-
Pasternack (Pa 40) 7.8 2.6 0.33 10.4° 7
Ganxstang (Ga 51) 6.9 2;2 - 0.32 '9;li
Yamanouchi and 5.6%//\\~ 1.85 0.325 7.54
Horie (Ya 52) nE : . o '
Experimental ‘o o
/Kvifte and - - 0.33 - -
 Vegard (Kv 47) »
Omholt (Om 60) .- - -, 5.3
Stoffregen and - - - 8.3
Derblom (St 60b) i
McConkey et al. - S 0,33 -

- Table VI47. ‘Theoretical and experlmental resulbs for'the

forbidden A-values of [0I] lines at Al6300
© and 6364 A {in sec™! x 107%). - _

a

B
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experimentel and thecreticalA ald;s thet have been pre?
viously reported for the A-coeffic%ents of [0OI] 6300 R
and {OI]) 6364 A and(the present expesiy nta‘.reeuits is =~
sximmarized.. Stoffregen‘and Derblomw and Omhclt.
(O .60) estimat d the lifetime of the 'D, level fron 3
studies of aurorae wnlle the ratio Ai6364)/A(6300) was
meaSured in the laboratory by Kvifte and Vegard (Kv. 47)A
and McConkey et al, (Mc 66). The theoretical results were
.all based on the perturbation method descrlbed in sectIon \
2.6. IR S .

Thus ,. to dete the only determination nade on the-
A- coefflcients of the red forbidden 1ingh was based on a’
perturbation theory ,,However, in these theoretical cal- -‘
cul@tlons which were done about 20 years ago it is ac-
knowledged (see comments on section 2 6(a)) that ‘the
correct wavefunctions were not used - only a few-pertinent»
wavefunctions were then available and there were no elec-v

Q
_tronlc computers as nowadays to deduce them. Consequentiy,‘

the size of the\error involved in these theoretical‘A-

ot

coefflcients was not estimated As mentioﬁed previoualy, tﬁg; -

.'more sophiszzcated NCMET metho of Sinanoﬁlu and o-worknrs

has nqt yet been applied to the 'red forbidden linea.f Thui;;, e

}the present experimental A-coefficients on both those lineiw

are. in fact the first ever reported and their, ’gl’emnt to N

lthe limited theoretical and experimental results previously f}:*ﬁ’“

:'eported appears satisfactory (Table VI 6)

3

: Y N P
- C SRR ) o
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-~
-

(3) Obtalnlng the "Deactivation Probabilltles" of the

\

Metastable 's and !D Oxygen Atoms in the nger-

Atmoephere\

." . ‘ .
In the upper atmosphere, the lifetime t(t) o£’
' . :

the netastab}e‘ls and 'D states are constantly being
mo@ified by collisionel"deactivetion through neighbouriné
atoms; molecules and electron‘ The rate of. population
change of the metastable level (whose initial density is.

LI | r.
:*Ni)’ is glvenxby

the time t; and r(t)'is éiVén by

FE 1 .

. . ——'= ¥ A .+ D (t)]

' r(t) I 43 + ’ N _

where D (t) is thle c011151ona1 deactlvation prgbability of
the metastable 1eve1 at the time " t and § Aij is the sum

of the spontaneous tran31tlon probabilities fxom the meta-.

e

~stable level to its lower ones._'i_.

Case with % Atoms: ' _ ff“ l B
Lt ) v‘ . . ,‘ ',

iay é_A(5577) +'A(2972) + A(2958)

K

where A(2958) is negligible as. compared to A(2972) Thun;‘f A |

using the current reaults,-'

R ,‘z A, = 1.06 +0.045 = 1,05 sec™ ~ . . @
? A ‘j ij g T » : o R

o ] 2

N - . - ( : — L N . o 0
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’ ‘ . . . .

¢ \, /- , . ' :
’ . . A ) : . . : : .
Also, using the resglt for the lifetime of 'S at a certain &,) (
v _ B .
_ ¥ ipstant t; such as one of those measured by Omholt (Om 56)
He. ‘v - T(t) = 0 7. sec

Then, substltutlng in equation (6 48) 'we obtain ¥

L4 . ¢ . A [ !

1 _ -

0.7 S L0 I o c
: ‘ Lo . P 0
or, - 'D.(t)-= 0.32 sec“‘ S

\Slmllarly, the deactlvatlon probabllities of the 1D level '

»

t any 1nstant t can be déduced from our results. ;It'

~may be noticed here that D, (t) may be a negative value,

. Obtalnlng the Oxygen Abunddnce in the Solar Atmosphere.

in wh‘ch case we have a collisionél stimulatton.

from -the Present ‘Resylts

= A cruc1a1 test for<theories on the formation o,

i,the predlcted relat1 elem tal abundances witq thos‘
observed in astrophys cal BZ:rcee. The exciting develop-'
ments now taking place in this type of work meke it im- :
"_perative to determine accurately theae abundances. The eun,; B
of course,_ie the most'o&V!eus object for these investiga-**,rt“:

" tions, Iand its. composrtion presumably corresponds to yhet

of the solar system at the time it wes formed

R

‘ . N M v - - g : ) N B e : B . -»...,.">
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‘The obstacles which can bar the way to a quan-
titative determination of solar elemental ,abundances are

ﬁumerous; they are described in detail by Goldberg'et al,

(Go 60). Howewver, since theldevelogment'ofgthe cnmve-ofy

growth method; which can now make use of accurate photo-

¢

metric measurements of equivalent widths and improved

f-values, the reliability of the abundance results has

been largely improved. _ L

The main discrepanjy 1nvolved in the curve—of-

- growth method lies, ‘as men oned 1n Chapter I of. thls

L
thzeis, in the solar model atmOSpheres that were assumed

Thys, forhidden lines, wh ch have the advantage of being

less sen51trve to the turb ence ‘and damping constan -

<

4
parameters which differ among the various model atmo-
pheres - are frequently employed together w1th allowed

llnes, 1n0the determination of the solar abundances.-
: : £ .
HoweQEr, these forbidden lines, which may he present in

- the solar spectrum,. are usually faint and/or blended and '

_thus'can also 1ntroduce a souroe of uneertainty in the R

‘final results. R :f",

ar

b

| » Like‘many'others, Mﬁller et el. (Mu 63) derived
the oxygen abundance in the solar atmosphere by iteration K;/w

- from the observed equivalent widths of the forbidden E

—

lines at AA5577, 6300 and 6364 A and other weak and stroné

.allowed 11nes. However, unlike other workers, they seem

v , R
‘ v T
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<
to have Undertaken g more thorough%analysis in that their
observations were made at several posdtions on the solar

disk (4 = 1.0,0wg; 05, 0.4 and‘d 3), and morequer they |

i

~
and Utrecht (He 64) - to their data: The ‘results of their

applled three models - Holweger (Ho 67), Mutslecner (Mu 64) 9§~
center to-limb analysis of ‘the solar oxygen llnes are |
' collected in Tables VI- g, IV~ 9 and VI 10., These abundances
were normallsed to that of hydrogen,.log N, = lb 00 ’ Tﬁe _
" values followed byf&.) were due to larger random‘scatter ofv
,t‘ - the measured equlvalent w1dths and were given a half weight
D when the values were averaged out. The last column of each,‘ v(l
table lists the mean of the abundances for each line across o
the»sola; disk. - For,the forbidden lines these abundances - ﬁ';
Were obtained Qitn the p-values caiculated'bnyarstang | 3 4
(Ga 51) whereas those_ins{:e the brackets are‘gbtained when o
}\the current: results on the forbidden A-values are applied
o "Thus, the mean of the oxygen abundances, applying ) 'l\'

the sanfe weight to 1nd1vidual lines'as Mdll'r et al. (Md‘ﬁs)g’

Holweger model was founh to provide the best "‘fto-thedob‘f ;f*
"served profiles of thejOI lines both at the centre and naarf;_ o

the limb the oxygen abundance value log N =8, 84 is t!iere-_ﬁ_}":: '

for% considered as the most reliable of the three..""
y h Some results on the oxygen abundance, whidh wtrtlj
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Qobtalned from observatlons made on both allowed and for-
bldden lines are shown in Table Vi-11. Most of the

authors used the A-values of Garstang in their calcula-

tions.
b, \\\\\\
[ .
" Authors . » | Log N
Cabannes aﬁd Dufay (Ca 48) 8.73 .
Claas (Cl 51) : 8.65 7
Goldberg et al. (Go 60) 8.96 \
Swings (Sw 66) ) 9.00
Miiller et al. (MY 68) | s.83 (,/ -
( Malia (Ma 68) N 7.80 1
" Present work : . 8.84 ‘
" — ) - . - ) "

Table VI-11, Oxygen abundance results from various authors.

' 4

A%

The different abundance results obtalned are generally due

to the different measured equ1valent widths, m dels and
weighted me ans employed'by ehch author, Thus; _in the
forbidden A- values obtained from the current resu’ts, the
mean oxygen abundance was found to be 8 84, which deviates
by < 5% from the mean of the other six results shown in

2 L

Table VI-1ll.

. ¢
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SULPHUR RESULTS

6.5 The Spectra

The simplified term scheme shown in Fig. 6-
illustrates the forbidden end allowed.transitions of SI
that were of interest in this project. The Avvalue of
[SI] 4589 A was determlneghby measurlng its absolute
intensity and simultaneously carrying out. the optlcal_ab-
sorptioh experiment on Si i782 R. |

8
. ° -
As for [SI] 7725 A, its A-value was Obtained

- from a measurement of its intensity relative to that Qf )
[SI] 4589 A, since both of these forbldden llnes have a com-
mon 3p' 'S, parent level. Unfortunately, the other forbidden

. transitions in [SI] which occug around Ll,OOO A ‘are not

aceessible to our detection system.
' 4

N

6.6 Results and Analysis on the Forbidden Lines of Atomic

Sulphur at AA4589 and 7725 A « .

(a)' Laboratory Productlon of [SI] 4589 and 77}6/A

To produce these fqrbldgen l;nes, the prbcedgre
mentioned in section 5.1,:Wae;foiiowed‘ﬁigoroﬁsiy; These
| lines were, ih'fact, produced only over‘a limited ;ahge_ofv
pressures and/or currents, and with.krypton.bﬁinébused-as-
the buffer‘gas..-Using a discharge tubeﬁthatlﬁae,hlightlyj 
different in‘dimensions,to that shownvin Pig. 342,‘Ehxjent

[

»
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48" ' .
l allowed lines
X . 1 0 L
4s' ‘D9 —— '\ forbidden lings.” °
4
1448
. 11782 4s 35?
1667 .
.‘ “
3P s, > ——— 2.75 &V _’igg;
‘ I\ I s
v 4 AT — 1826
p , 1 9725 1 |
E X .V 4589
Fo
%
“ o] [
3p* ‘D, i T X X ———1.14 eV
| | at o :
» _ [ {
v10820 0y .
. ." 1 11306 \ o,
o y o . 11 |
3p‘. 3P0 é ; :
! i r T ——1—.0.0 eV
2 ‘ : ; A '

'Fig. 6-12. Partial term scheme of '

.81 ‘(‘,not,-to sca}e‘)

o
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. . ‘
krypton were used in the excitation of the S(!S) metasta-

¢

leuels of 15 to 30 mA and preizgies of 3 to 8 torr of.
ble states. .

Below these curreno and pressure limira, the
forbidden lines wére found to be too weak for meaningful_
measurements, whereas above\them, these lines.were blended
with molecular S; bands. Fig. 6-13a illustrates these
features arouud [SI] 4589”£‘in a 30 torr krypton—sulphur.
discharge mixture. kFurthermore; under the high-préssure
conditioﬁ; the discharge becaﬁe "cored" and the lines- were _r
found to diminish‘in inteﬁsity as the current was increased
(see Fig. 6-13b). o ¥ |

. e

(b) Processes Involved in the Production of the Metastable'

S(‘S)'Atoms and tho Correspondiué‘forbidden Lines

| It is belleved here . that the production mechanlau
of ‘the s(!S) atoms is analogous to that préposed in sectzon'.
6.3(b) for the Q( S) atoms, i.e. with the main procoss iu-
volving the photodissociation of an ekciﬁed~s .molacuiar'

'state. Thus, as in 0;, to determlne the unknown state(s)

whose. dlSSOClatlon products 1nclude the 's atoms, a knowl-
edge oﬁ ‘the dlSSOCiation llmlts of 'S, would be essential,

: be51ﬁes the usual consideratlon of Wigner-Witmer rules,
the ordlnary Selectlon rules and energy resonance, ‘in the

elimination of the otherupossible mechanisms.
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- ) IS
e 4589

[SI1 -
LS89

o

30mA

g

" Fig. 6-13, Thq forbidden [SI} line at A4589 A in a hlgh-.;f::.-f

pressure (30 torr krypton) discharge medium:
(a) [S1] 4589 blended by molecular S, bands. R
(b) [SI] 4585 decreasing with cnrrent‘increaseﬁ.;;



200

Since the dissociation limit for the»ground
state S, (x L ) is 4.4 eV and the atomic energy levels of
s('s) and s(! D) are 2.75 and 1. 14 eV respectively (see \\
Fig \ 12),_the followxng photodisso¢1ation processes and.'

the corresponding dissociation limits .can be written

S,(a 'A ) or Sy (X 32 ) 4 hv + §(°P) s(°P) + K.E. (6-49)

-

u(Dissoc1ation leit 4 ‘4 eV) i . ’ o K

$,(B *L7) + hv » S('D) + SCP) + K.E.- (6-50)

(Dissociation Limit: 5.54 eV)

S,(x?) + hv » S('8) + SCP) + K.E. S (6w51)

(Dissociation Limit: 7;15 ev)

'S, (y?) + hv‘f\s(‘s).+TS(’D) + K.E. © '(6f52)

_(DissociationvLimitﬁ,,8.29 eV)

. 6

As fon 02, the unknown state X whose dissociation

S

'pr0ducts are (! s + 3P), i.e. which satisfiee equation (6 51)
' was found to be a DM std%e.' In support of thie we. may ,'
refer to the ’n - x’zg t:ansitions which were observed in =

' absorption by Maeder and Miescher (Ma~ 48) They identified

~ three distinct digsoc1ation continuum maxima at 1694 6, ¢
1702.3 and 1707.9 A, which‘differ energetically from the is-iii
"soclation linit s + sp) by only 0. 11, 0.13 and 0, r& ev j '4i:'
spectiveig Thus, it can be deduced here that the S (D ’H ) €
 gstate would be unstable and that its potentiel curve would ”.

have a shallow minimum.
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.Slmllarly, the unknown state y whose dissocia-.
tion\ products are (! S + fD), i.e, whhch satlsfxes equation
(6- 52), can be deduced as belng ag 1H or a g'?Au state.
However, ufilike 0,, no (g '‘m, - a A " or'(g 1Au -.a la o
transitions have yet been 1dent1f1ed in. absorption (or ’
emission). The only other absorption bands so far idén—
tified are those belonging to the (5 A, - a 1A ) transif‘
tions (Ca 70), which correspond to the dissociation pro—
products  ('D + ‘D). Cow |

Thus, in the present caae where<krypton was
used as the buffer gas the prOposed mechanism for the
dlex01tat10n of the S( 8) atoms, i e. ~of the forbidden [SI]

llnes at AA4589 and 7725 A, is as follows-
‘Kr('S) + e(v') +»Kr”'+'e(0”) o (6-53)
The ekcited Kr" would then eXcite groundetate‘S;‘mobecules:

Kr' +.8, '(D n. ) ' (6 54a)
Kr" + S, (X 3g” )-—+ Kr' + S, '(q lA ) - (6-54b)
Kr" s '(g ‘n ) (s 54c)

AQ,
where Kﬁ" > Kr' > Kr( P,) % metastable Kr state - 9 915 eV -
aand through spontaneous radlation,

Kr"+ Kr( P,) + hu (Kr lines) '-_~(6-55)£ :

‘Thus, through photodissociation"-

- 5,'(D *0) + hv +;s§'s>-+j3(?py'+:xrhif_(5é56a)ff
| Ta) + 8+ LR 4 RE (36
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-

) !

S,'(g 'a) + hv > s('s) + s{'D) + K.E.  T(6-56b)

*Tqﬂu) +hv » s('s) + s(!D) + K.E.  (6-56c)

+

Finally, through spontaneous radiation;

S(°P) + hv.(SI 4589) (6-57a)

s ( S)(:: . - ~ o
N - *s(o) +-hp/i§1 77?5) (6-57b)

=

Production by Diredt Collisions with Electronsg - ~" o
| : Besides thé abcve'prccesses it was”fcdh&=i28t
dlrgct colllslons between energetic-electrons and ground o

state atoms and/or molecules would represent another produc—

tive meghanlsm for the\S( S) atoms

. s 'p) + (v ) » s(is) 4 e(v") » '(5§sg)

5, (% °1) he(w) > SCB) + §0i8) + (V") (6+59)

In fact, the density of the metastablgdls atoms~or3the,
o o - o . T '
intensity of-the [SI] line at A4589 A wasffound to be

‘ .
llnearly proportlonal to the electric current through an

¥

optlmum" krypton sulphur dlscharge (see Flg 6 14)

(g S11782 A | |

| The SI line at A1782 A which was - used in the B
atomic absorptron experiment was always ﬁound to be’par— :3‘
trally blended with the high wavelength side of ehe co
*'band at- A1776 A even: for the cleanest krypton-sulphur‘f?{ppe[

kdlscharge (see Fig. 6- 15) This is due to the fact: that

v ey '
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even the 99.9% pure sulpnur powderl(that was distilled
into the discharge tube) was probably contamlnated w1th
a slight trace of 1mpur1ty carbon,’ However, as explained .
in sectlon 5.3(d), the intenSity contribution'from the.
impurity CO band to that of the SI 11ne at Al782 A could
be computed by means of a best- f1t Lagrangian 1nterpola-
tion polynomlal, and its percentage calcuiated Assuming:
this percentage to be constant,»the 1ntr1n51c lnten31ty
of SI 1782 A was readily deduced from the total intensity
measured at 1782 A ,- RS
The S, bands in the region 1600 1870 A were

observed in absorption by’ Wieland et al. (W1 34), and
vMaeder and Mlescher (Ma 48), and in emisSLOn by Tanaka
- and Ogawa (Ta 62). Fortunately, there are no absorptlon
ﬁs ‘bands around Al782 A “the nearest being at AAl7Nl and
1797 A ‘Thus, no correctlon factor, as for oI 1152 A
was requlred in the intensity measurement of SI 1782 A
'Also, any. molecular absorption by CO molecules was |
neglected here because (l) the region at 11782 A falls _:‘
right on the w1ng of the Cé band whose- head ia at 1776 A,,;
and (2) the’ low Cco partial pressure would in any case,,fr
',yleld a-: correction factor approaching unity. A

l A spectral scan covering ghe region 1770 1830 A
'which includes the CO bands, SI 1782 A and the resouance H

SI. llnes at 1807, 1820 and 1826 A, is 1llustrated in |
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" (d) The Absalute Transition Probability of the Forbidden

(SI] Line at A4589 A
The same experime al’technioue as was applied

to the forbidden [dI] lines has been employed for [SI)
4589 X. The results are as shown 1n Table VI-12,

| The pressure range of the buffer gas (krypton)
used was from 3 to 8 torr and a  lower current (10-30 mA),
as compared to that used for. oxygen (90 mA), was employed
in the krypton sulphur dlscharge. The vdlue ’of-k

e T

\»(column 6) for SI 1782 A wére obtained by 1nterpolation‘.p'
from a computed graph (see Fig. 4- 4) that was obtained A
w1th L = 230201 . The values of (CF/CL) in the‘last hut\ohe
columnIWere oblained after deducing the N. —ualues frOml

equation (4- 45) w1th the following. subst1tutions~y |
A = 1.782 x 107°%, M 64- ey m, ¢ and R as usual, and the i
f value of SI 1782 A was taken as the welghted mean of )
the values obtalned (theoretlcally through an - intermediate'
coupling method) by Aymar (Ay 73) and (experimentally with
a wall- stablllsed arc) by Muller (Mu 68b), i, e._f(l782 A) =
‘lo 235. .The other values to be substituted in equation
A (4- 44) for obtainlng (CF/C ) were: 'r = 0 75 cm° L' = 7 0 cm-.
E(4589 A) = 1.04 x 10"un1ts of radiance, (dF/dL)z ' |
(110. 8/127 9)’ A =4, 589 'x 10-' and"AA = 2.14 x 10'“ ﬁ.

| After the final substltutlons in equatlon (4 44), the A- '

- -.values denoted in the last column of Table VI 12 would then’) e ) :

U.,_" .1‘¢,
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A
e
‘((:* i):“"- Q l c
@;éﬁ‘ A(4589 A) = 6.91 F x 10’ sec~
e ko VT §:L
e
- %
ﬁ? Thus, the me -valué of 4sMo A was ound
1
*;i:o t@o 31 w1th a standar dev1 ion of he ver-

hll experimental err 1nvolved would out the same
Q\»l?

%géhat estimated for the green fo

idden OI line,

»result ”d”f—\\\\\\J

QQ*“ A ( A) = 0.31 + 0.09 sec™!

i.el < +30%, giving the expgrimenta
o — .

‘ : ° .
qe) - Obtaini the f-value of SI 1782 A from the current

Result
A significant.sou;oe ofAerror that mey exist in
the present.resolt on the A-&alue'of ISI] 4589 i comes
from the f-value assumed for SI 118223; Wemmay,.however;.l
~ check the reliability of this f-value by reversing ﬁhe
procedure, i.e. by assuming initially the A—yalue |
(= 0.35 gsec™!) for [SI] 4589 z'obtained'through theoret-
cal calculations by Czyzak ahd'Krueger'(Cz 63), and fhen |
substituting it into the current measoremente.‘ It was
‘then found that, for.each run,
_ 119 x kg /T ,!ﬂgﬁ’_

£(1782 A) = 222 x 10~
(Cp/e;)

and the resulting mean (1782 i) =.0.28 0.06.
‘ The overall estimated error limlt for this f—valhe

woul& of course depend on the A-value obtained by Czyzak
L8 :

¢



and Krueger (Cz 63). Previous f-values obtained for SI

rysz A were 0.20 by Miller (MU 68), 0,27 by Aymar (Ay 73) .
. . “ )

“and 0.58 by Lawrence (La 67). Thus, the f-v¥lue obtained '
R : A . . \,[\
9

here, is close to those of Aymar and Mﬁller (the mean of

which was here assumed in the determlnatlon of the A—value

of [SI]) 4589 A L /
Y

_(f) The Absolute Transition Probabidity of the [SI] Line

/

at 17725 A
The spectrogram shpwn in Fig. 6 16 illustrates
the forbidden. [SI} lines at AA7725 and 4589 A, taken on
‘hypersen51t1zed<1—ﬁ kodak plates. during a thrae-hodr
exposure us1ng a krypton surphur mxxture run at 5 mA
Although the line at A7725 A is- lntrinsically stronger ‘
than that at A4589 A, on the photoelectric detection |
system ire response was-much less. In fdct, it was'.
barely detectable from the dlschargé tube when viewed
side-on; its tran81t10n probabllity w;s therefore deter- |
mined by comparing its "end-on" intensity~tovthat-o£ [SI]‘:'
14589 Z, since these lines have the same Sb"iso'parent :
1evel.- L‘ o " o - ;v-,j  .  _'. '5_J :
| After calibratlng the Speﬁ detec?idn syetem‘eﬁ | |
the two wavelengths and comparlng the peak intensities of
their photon-counted.profiles,for.;O«different»kxgptonf‘ 4} f, _;;K

" Sulphur mixturds, the results sho§n 1n Table VI~13 were

-oi;}ined: ot - ' - . )/)/J‘re-" rl,r




HeI 4713

51 4695,6
KrI 4694
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Mixture | C'(7725 A) | 1(7725 A) Mean A(7725 A)
Number - | ¢+ (4589 X) I(4589 &) A (4589 &)

e _
1 0.36 4.9

2 1 0.36 4.9
3 ~10.35 4.8
4 . .0.35 .4.8"
5 . 0.38. 5.2 e
W/ . oo | i | 4.9 £ 0.19
7 0.34 4.7
g 0.38 _i 52
9 | 0.35 . 4.8

10 0.38 S5 e

: 9 Z Ll
o " K ) o - ‘ e
. ~ . .

"Table VI-13, Results on the A-ratlos of the [SI] llnes’ .
~ at A\7725 and 4589 &,

L - . .,._ ‘ | -
In this table, the values shown in the thlrd column were .

.-obtalned byr31v1d1ng those in the second with the z-value

(equaflon 6~H‘)’xb::1ned Whlch was o 073 'I‘hus , “ qhown . .
in to;/;purth col '[ . s : ‘v T ix:"V! e
/ R o

Ny

" Mean 3‘7725 A). = 4. 9+ o 19,'

N . AMsey A) LRI SRS S RN
R 1 - o T T A
However, from the prev1ous resnlt,

,/\

- “aguses R) = 0.1 0. 09 sectt T
S --A( A) = 1. 5§\: 0. 28 sec“ ,- ffPoj;.L'ij}
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Allowing an upper limit of *10% error in the intensity-

ratio measurements, we would have

‘ -]
‘A(7725 A)

| S A) . 4.9 t0.5
A (4589 R) :

.Adding thlS +10% error to the preV1ous +30% error estimated’
for A(4589 A), we would finally obtaln

~ .

v A(7725‘A) = 1.52vsec™!

w1th a "most probable error" (V302 + 102 %)“of t 0.49.

Futhermore, the constancy of the ratio. I(7725)/

_ﬂ4589) indicates here the absence of collasional stimula=
‘tion, i. e. the measured 4589 A line intensity did corre-
spond to photons arislné from Spontaneous emission only.

The new A-values are compared W1th those from

°

other workers in Table vVi- 14 The A—values obtained by o

4 I

Czyzak and Krueger (Cz 63) were based on Garstang 8.

¢ (4

jperturbation method, and the relative A-value of McConkey
et al. (Mc 68) was obtalned experimentally using a krypton—‘ E
'sulphur dlscharge. It can be seen that the egresment

among the results is- very satisfactory

—- . . L4
,
e
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REFERENCE A(4589 A)  A(7725 A) 511135—51
- | A (4589 RA)
- Theoretical . ‘ ' c o e
" - Czyzak and 0.35 1.78 5.09
Krueger (Cz 63) . ~ L
. o A | o » | )
(perimental : . : ) o _ o
McConkey. et al. - - R - A Spl t 0,7
~ (Mc 68) - ‘ - o o
Present work = . 0.31 £ 0.09 1.52 + 0,49 4.9 £ 0.5

LA

Table VI-14. Comparlson of the, prev1ous and present A- :
‘values on [SI] 4589 and 7725 & (in sec™').. 4

. » )

-

3G

(é) The Solar Abundance of Sulphur T

.VA{ . The absence of precise wavelength assignments | L

for the forbldden [SI] llnes Has deléyed their 1dentifica—h*';

, tlon in the Fraunhofer spectrum where they are blended to

r . L

a great extgpt with several other linéa andﬂbands.c e

LI ...'." Cor

| Sattarov (sa 65) 1dentified the [sI] 11nf;at:¥§f;}?fef*f;
A4589 A and apparently us, d an. incorractly assiqn‘d w ' ' '

length and equivalent width (§w 68). whernby

N
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around 4589 i was scanned with the Oxfbrd photoelectrie
speptremétervby Blackwell et al.'(BlJ67), which indicated
complex blending there. No other direct attempt!‘ has been-
made to find the proper equivalent width of [Si] 458§ R;
thus, no\other reeult ) e eulphur ahundancefbased'on
this line, except that by Sattarov, is available.

- The region at A7725 A was scanned at the

Jungfraujoch station (Switzerland) by L Delbouille and

.G. Roland (De 63) The forbidden 1ine there was 1dent1fied

by Sw1ngs et al. (Sw 68) from a blended neighbourhood
con51st1ng of a- SiI line and bands from 0, and CN. Using

the fiean of’ the wavelengths assigned to ‘this line by

.Kaufman (Ka-67) and‘McConkey et al. (Mc 68),'Sw1ngs et al.

(Sw 68) deduce‘d a sulphur abundance of log Ng = 7.10.° This

‘value was based on- the A-value obtained by Czyzak and

'Krueger (Cz 63); using the A-value obtained in the present

work, this abundance now ‘turns. GUt to be log N -»7,17,

g



216 B J
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Sﬁ%ENIUM RESULTS.

6.7 ThevSpectra‘\ - s . ’ /

The correSpqnding qubidden lihes.that'were of
interest ih~the_SeI spectrum are illustrated in the sim—
plified.terms‘scheme shown‘invFig 6-17 The samg tech- li {
nique as described in sectlon 6.2(d) was. applled ‘in the .
determination of the A-value of [SeI] 4887 A, 1 .e. ‘its
absolute 1nten51ty was measured, and, at the same tlme,
the optical absorption experiment was csiried on the ‘.
VultraV1olet llne of SeI at 1994 A which was feeding the
Ap“,?so upper level of 4487 A | ' | |
B As for the fd&bldden (Sel] line at 47768 A, its
A- value was obtained by comparing its 1nten31ty to tpat
of A4887 A, Slnce these lines have the sahe parent level o
| _ The absorption experiment was also applied to 317
‘the Sel ‘resonance 1ines at AAlBSS 1691 2040 and 2075 A .‘ iﬁk/

'to determine the atomic densities of . the Do and Po,,,2

‘levels respectively
% S

) '6 8 Results and Analysis on the Foxbidden ISeIl Lines at;tj

o AA4887 and 1768 A 'f‘r- | -”* f,,fi;.i*ij;:tjfﬂf'i";“-tffi

(a) Laboratozy Production of [SeIl 4887 A

During the pxeliminary work undsrtakcn fe‘°

’production of the forbkdden [SGI] lines, itvwasﬁfound tha

‘if an 1nert gas such as helium or krypton was used al;_db



_Pig. 6-17. Partial’tern scheme of Sel (not

1587 |

1994

217

1 allawed lines
‘ V .

‘\ forbidden lines
A den

~ . .

- 2040
k2075
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buffer, these lines.wobld not be excited. ~hlso, although
argon gave a falrly good result, neon was preferentlally
‘used because the forbldden &tnes appeared stronger in the
Ne- Se dlscharge. ’ ‘
As in'the;case for sulphur, the forbidden lines

of [SeI] can/oﬂly be produced under llmiteo Q1scharg3§ ,
condltlons @or the Se-Ne mixture. " First .of all, when the
/dlscharge w;} not clean the forbidden line produced would
.be partlally blended by impurlty bands and less accuracy .
would then be expectedvin the intensity measureuent‘- this»
is 1llustrated in the spectrograms shown in. Fig. 6 18,.»
where (a) the [SeI] llne-at A48®7 A was not clearly resolved
from the 1mpurity CO bands and (b) the fSeI] 1ine at |
. A4887 A was’ resolved in a correspondingly clean discharge.
Secondly, when the neon. partial pressure was Eelatively too-e
.:_hlgh the Se bands would appear and partially blend the‘
: forbidden line, as lllustr\ated in Fig. 6-19.... L

_ Another problem involved with thei 1ntensity mea—555T
surements of [SeI} 49%7 A was that, eVen when the diachargeﬁt"

is optimum, this rine might not be clearly rnsolved from 5

» the neighbouring NeI line at A4885 A., However, dnrinq thehf";."'
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Hel 5015 . —=
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CO 4979 -
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»
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(b) Processes Involved in the Production ¢of the Metastabhle

Se(!'s) Atoms

3 Asvuith oxygen and.sulphur, to_ascerteiﬁ whether

the metastable 'S atoms of selenium are also produced

through the phdtpdissOciation’of excited moleculer states,

it was necessary to know the eneroy potential curves of -

the states and the dissociation limits; besides the ordinaryl

.Selection and Wigner-Witmer rules and the'energy resohance.
Early enalyses'of the -main band Spectruh of Sez,

apparently indlcating a 'L ground state, have been reyieued

by Barrow et al. (Ba 66), who found that the system is again

B‘3ZG = X 3X“,Aas‘in o, ahd_sz. ”Thevdiesociatioh_energy.

of Se, (i.e. the dissociatiOn limlt for (SP + ’p) has sihce

‘been'eetabliehed'atf3.2 t‘O.l,eV.nghus7the dleeocfation_f

limit of ('S + 'P) would be 5.98 eV and that of (s + 'p), .

7.17'eV. Houever; the,absorption epectrum and the exclted'

o

Se, states with dissociation limits at (!s + *p) and

'( S + 'D) have not yet been subject to experimental investi-
gatlon The lack of such knowledge has prevented further
dlscussion on the productlon mechaniem of se(! S) atoms in o
the present work, although a mechanism analogoue to th;t

- for 0( S) and S (! S) atoms may ‘be proposed. 4 “
", o : Agaln, h0wever, the production of Se( s) atoms -
from dlrect colllSLOns between energetic electrona and

ground state ?tom and/or molecules was importent here,}i
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, .
the intensity of the forbidden [SeIdigline at 14887 A was
found to be increasing linearly with the electric current

through the Se-Ne discharge.

B
2}

(c) seI 1994 A | p
P v 7 , : A |
The u¥traviolet lines which could have been used
in the absorption experiment for the determinatioh of the
IS state densities of selenium are Situated'at'AA1994,
2050, 2548 and 3501 RQ‘ The last three_linee were not used
because they could not be produced with reasonable_inten-
sity in the present work; even the lide at;kl§94 Z.was
produced onlyvafter prolonged cleaning of the'dieqhafge
system (see Fig.\S 3). C ' C e
The f-value of the SeI line. at A1994 A was theo—ﬂ
retlcally calculated through an 1ntermediate coupling and
quantum defect method by Lawrence (La 67) and Gruzdev

(Gr 69). However Lawrence made anverror in hia quantum

.defect calculation for the conflguration np 53 (Gr 69)

B
and so the f-value of. Gruzdev (= 0 17) was used in the

present work This f-value should be good to better than
$10% 31nce ‘the energy ievels (and wavelengths) predicted

from this method agree to withln 0.1% . of the experimental

vdata of some 1onlzed lines (NeIII Mgv ‘and AlIV) from the

tables of Strlganov and Sventltskil (St 66)

As 1_n the %ase of the SI 1ine, the molecular ,‘



. S

]

: )

'k

- column of Table VI-15 would then be,
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absorption of "Sel at A1994 A was assumed to be negligible, and

no Se, bands were ever recorded in that wavelength region.

(d) The Absolute Transition Prnbablllty of the Forbidden

[SeI] Line at A4887 A

The absolute transition probability of the [SeI]

o } _
line at 14887 A was determined experimentally, using the

same.technique as for the“forbidden lines of-[Si] and [0I].
The results are shown in Table VI-15, |
The.first coiumﬁ S% this tablé'inaicates.the

preséure range of neon, whlch was used as thp buffer gas,
and the dlscharge was run at a constant curfént of 30 mA
through‘all the (2§)_dlscharge mlxtures, The values of
of(iolgmp 5} for [SeI] IQQQ}Q wetebobtained by interpoda-
tionefromAa ébmputed graph of kot vs. I /IL}YWheré |

L = 2'0132 = 31. d ém. The values -of (C /C ) in the last ;

but one column were obtalned after making the following

shbstitutions: A = 1.994 x 1075 cm; M= 157.92; £(1994 A) ‘i“

¢

, ' . -] ot . .
= 0.17, r = 1.25 cm, E(4887 A) = 2.32 x 107 ergs/.....;

(dp/d.) = (101. 5/124 5), AN = 1. 316 x 10-* M and the other

:f*

parameters were as usuals, After the final substitutlods

'in equation (4-44), the A-values denoted in the last

» A(4887 A) 3—32— ' F)x 10° sec”
- . ) o \/T .

s
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» \\¢/x,.' o
Thus, the mean A-value of [Sel] 4887 A was found

to be 7.3\1_sbec"l with.a standard'deviation of £1,22. The'

overall experimental error involved would be abofdt the .

same as that estimated for the other forbidden - ines,
i.e. < $30%, giving the experimental result

° . .
A (4887 A) = 7,31 t 2.19 sec™' : -,

(e) Obtaining the f-value oﬂ Sel 1994 A from the Current

\

Results o . _
| The f-value of SeI 1994 : was also determined by
agsuming the A-value of (SeI] 4887 A as obtained by ‘
Garstang (Ga 64) through a semiempirical and perturbation
method and then substitutihg it into the current measure-'_*i
ments. The following relation was then obtained for each

run:

£(1994 A) = . ko Ty, zs x 10" N
' (c /C ) e 3

. ,

and 1t was’ then found that the moan f-value was :

N\ :

' f(1994 A) \\0 24 £ 0. 06 r_' f ,'},;Q“_.l;“”
| The overall estlmated error ﬂor this f-valuc would
depend on the assumed A-value of [SeI] 4387 A. Thil f-valul
may be compared to those obtained by Gruzdev (Gr 69) ané
'Lawrence (La 67), which are 0.17 and 0 41 renpectiveirt
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(£) The Absolute Transition Probability of the [Se1]

Line at \17768 A ( s

The pen-chart and photon—counting profiles of

the forbldden [SeI] line at 17768 A are illustrated in
Figs. VI 20a and VI- 20b respectively. The-Ne-Se'discharQe‘
(10 torr Ne) was run at a current of 30 maA. The A-value |
of this llne was obtained by comparing its intenSity w1th
‘that of [SeI] 4887 A under the same conditions._ |
' '”he asymmetric photon-counting profile shown An’
Flg VI- 20b 1nd1¢ates the presence of a weak blended line

~on the: longer wavelength 81de.l However, on choosing a

slit w1dth of 80 u 1n the Spex, it was ascertained that

‘1-the correSponding waveband of 0. 86 A - obtained with a

grating dlsper91on*of 10. 7 A/mm - would only allow a.
' negllglble contribution (dark area D), 1f any at all from a

.the weak blended line. .

The results for the 1ntensity or A~ratios for 10‘.' .

runs are summarized in Table vI- 16, after the response .
;'_ratio,.z(— 1. 09 X 10"), for the regions at A17768 and

'4887 A was determined.,
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Table VI-16.

-

[SeI] lines at AA4887 and 7768 R,

- 229

Yy
e

Results on the A—ratios of the forbidden

Neon
(torr)

c' (7768 A) (x 10'2)

c! (4887 R)

. I(7768°A)
-‘1(4887 R)

53".12

2.69
2,82
2.84
3.11
2.86.
3.02
328
3,20
3.16

3. 12 X 10"
1. 09 x 10~

b 286 |

0,259
0.261

0.3 258
o }o zsz |
i’ffﬂiiadb7"":"
s |
“"75{;0 290

{0;247.

“Mean Al7768 A)/A(4887 A)

o Allowlng an upper limit of 110% qrrar in the intcﬁsity-:fio

E ratio measurements we would have j q,x“

S However, from the previous rasult

A(4887 A;

A(4887 A) - 7 SI/t 2.
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. . a o . .
o. A(7768 A) =‘2;05>sec’ E
with a most probable error of $0, 65.
" The new’ experlmental A-values of (SeI] are the o
flrst ever measured and they are compared with those |
obtalned by Garstang (Ga'64) in Table VI 17 Again hete,mm

it can be seen that the agreement among the results 18

, very satlsfactory..

REFERENCE - A(4887 A) : A(7768 a) . AUISEA)
o (sec™! ) (aec 1) - Al4887 A)

'Theorétical

" Experimental
i ) T ’

Present work

 Table VI-17, Comparison of the expaxf;j””“
PN - A-values on IScIl .\gn '

| {gx Mea:uring;the Atonic‘Pef

of Sele'_" um
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colllslons, whlle the absence of an electrlc dzpole transx-.

<

tion between the 3P and Ip and s states, in association

with the larger energy differences of lS'- p and Ip - ?P"

. transitions, leads to long llfetlmes for the 's and 'D-

'levels .-'

[ S

The optlcal 11ne-absorption technique has also

B been applled here to detexmine the pbpulqtion densities of' B

"the selenlum ground states from the point of view of

'nlque (doscrxbed in sedtion 4, 2) differs rrom the usual

L

-ature are automatically eliminated d,iﬁﬁ,Q-fg;:;fgvj'“,j,“} o

: Aftef nwming the numerical subdtitutions in thii eqﬁqtion,
the. followlng general relationship for selenium-enerqy ;;_5j?fg;ﬁﬁ*

' states are obtained

"\where the parameters are as defined pxeviouely

lnvestlgating population 1nversion among them. This tech-

‘absorptlon technique in that the abaorption cell is simul-.

tanedusly used as the light source; thus the disadvantagesf e

assoc1ated w1th unequal thermal source and abdorhér temper-‘V',,e”

o )

In general to. obtain the ‘ppleggdhhdeniiﬁieéfwfi”

‘7 L

-

» : . .
ey LA

”‘N. (xﬁ-?—) (6 86 x 10 ) etons(qm-tlf‘.,P

v - . LNy




P e .

o cvapour varied according to that exerted hy thd neon g&l;

232

In selenium, the 6ptica1.iine%absorption stndiesi
were cérried out. on thé'ultrnviolet linesfnt Ali994v»1855 -
,1691 2040 and 2075 A (see Fig 6~ 21), to obtain the popu-}
“lation densxty of the ‘so, lD ’Po, ’P and ’P levels

respectively (i.e. all states wiﬁhin the ground configura-
tion). . The’ f-values of-these‘lines were . all taken from theT
'"1ntermed1ate-coup11ng" calculations of Gruzdev (Gr 69),
i.e. £(1994 A) =0.17, £(1855 A) = 0, 13, £(1691 A) = o..osa .
| £(2040 A) = 0,054 and £(2075 A) = 2 3x 1074, s
‘ The results‘on-the atomic densities of tﬁ;sé~7"
ground states are summarized in Table v1-1a./ The pr&asurerr

-+ range used for the lD and 3P states was’ 10 to 20 tort, &O

‘whenever necesaary (It was possiblo to dn
v‘intensity of the forbidden ISeIJ lina‘at A‘éﬂx»
Ameasured at the same time ) o ,' ;} ‘ i
However, it was - fﬁbosaible to correla;

| results w1th the change of preBSure -0 any other”ﬁ

conditi s because the partial pressure of the selanium

(whlch differred for each discharge condition), and mo
effective way of measuring the aelenium partial prassu

’iA was 90551ble.
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Nevertheless, the results indicate that the
population of the 3P level was generally about a fectof
‘of 100 hlgher than either of the levels JSo, '‘n,, P,
‘and ’pxl, and that N(3P ) > N( Po) > N(! D 2) > N( So) = 10'° -
atoms/cm for the same selenlum partlal pressure (see
results for thefmlxtures con51st1ng of 12 torr of neon)
'Thus,_these results would indicate that_populatlon-lnver- .
sion does nbt eXist amOng these'ground stetes with the

»'present condxtions;selectlve optxcal-pumping of the energy
levels would ﬁe required to produce the inversion, but no

further studies 1n this direction were made in theipresent.

™

K study. -



CHAPTER VII

Summary |

&
.
The present studies on the forbidden transitions

in the first three elements with a np' ground configura-

tions have 1ncluded, in brief, the follow1("

-

,;sources was proposed in thls work S .'* j<-;\i_j;

-

(l)* ;study of the basic characterlstlcs of the

"forbidden" radiation and the spec1a1 techniques employed‘

-for producing the lines in the laboratory, whe:eby their

most interesting property - transition probability - was

experimentally.determined.

(2) A comprehensive survey of the two thebfetical,
approaches that were[introduced.to oalcuiate‘the'K-Valuese

of forbidden 1ines was made;>y1n the first approach a.

semlemplrlcal approxlmatxon based on an intermediate

coupllng and thus perturbatlve method was employed where--

as a non- closed shell many electron theory was used in the
. ¢ t . : .

second.. ’

’ (

(3) - The chemical processes involved in the produc— |

tion mechanism(s) of the metastable atoms and thus of the:

?forbidden 11nes were investigated and a repq}ting produc-“
~tion. mechanism that applies to. forbidden tranaitions from

h'both the upper atmospheric as well a8 tho Iaboratory

]

237
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.

(4) An optical line-absorption technique'was employed_

on the allowed ultraviolet llnes to determine the popula-

tion den51t1es ;zNZEZ\mgrastable energy leVels. This.techs ‘

nique,‘when carried out simultaneously-with the absolute

» 1nten51ty measurement% of forbldden llnes, have here pro—,'

duced a successful method for measuring the absolute A-values

of forbldden llnes | ’ |
By analogous conslderatlons this method has also

been used to determine the f~values of the alldwed ultra—r

violet llnes ‘which were feedlng the upper metastqﬁie levels,

of forbldden llnes, whose A-values were inxtially assumed

(from theoretlcdi sourcés)

,(5) Applicatlons of the exper1men¢al results from the '_i

present work were directed: towards such studies in astro-
physlcs as the determination of the solar elemental abun~;h
dances and partlally towards las hysics from tha point of
v1ew of studlng population xnve(::::.‘ The mest importlnt

use from the results was- obtained throuqh a :

them cannot be obtaxned, represqnta a shotzoominvf' )
The. results et the imxovod hmriuaz
jemployed in this work reprusant the only seurcl fox h

experlmental ( forbi m)) A-valun whioh are ottes ncef'

*wmany 1mportant studies. Thus, agarﬁ from 5577 A, t?q regaltn

’ LI

e .

ey
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for the [0I], [SI]) and (Sel] lines are the first ever

determined experimentally' These A-values and the

f—values of some related ultraviolet Ilnes are summarlzed

in Tables vVIii- 1 and VII- 2.

It is now hoped that the present studies‘on

 forbidden transitxons cen be extended to the heavier np"

elements,‘suchfhl‘tellurium and polonlum, and ‘to those

with.a np? or np» ground conflguration. Again here, the'

“problem assoc1ated.with these further studles would depend

on the 1ndiv1dual lines and the atomlc-molecular structure

of the elements . Also other lmprovements 1n the instru-

S

mentatlon, the design of th. discharge tube and the f-values

assumed among other possible factors would help to reduce

the experlmental errors . inVOIVed

i
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’
LN
u // |

Transitions . o | 'f—_valu‘es.‘ :

2p 38" 8% | 0.134

2p? 38’ D% | . 0.116

OI 1218 A (2p" 's,

_ e, .
3 OI ‘1152 A‘(Zp“ @Dz

Pe

SI 1782 A (3p* 'S, - 3p° 48" '2%) | .0.28°

- : e f L e b
 SeI 1994 A (4p* 'S, - 4p® 58" 2p°f |- 0,24 |

Table VII-2, "SAulmmary of ‘the allowed f.-sva-ln'pq .
. . Obtained in *e pr‘.ent wcrk. .

i
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s (1972) o e iu
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